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The Advanced Toroidal Facili.ty ( M Y ) ,  n 

Oak Ridge Mationah Laboratory, will be thw world's Bargest stellarator 

experiment when it begins operation in early 1987. 
-jor radius and a 0.3-m average plasm radius, a magnetic field 

of up ta 2 T for a 5-s pulse and up t o  31 T steady state, and up to 5 

toroidal c ~ ~ ~ i ~ ~ ~ ~ ~ ~  issues, imcPudirng confinement and stability of 
high-beta plasmasS Is3w-collisianality transportl i rity hhavior ,  

l..UldE?l? cQnStrIJCtion at 

~t will h ~ v e  a 

hf?atjfng. The iS deSiCJEd t o  Study B Wide rWKJC? Qf 

The ATF i s  the result sf a study of a Barge r o f  possible 

coil configurations. It is an R -  2 ,  12-field-perPad torsatran wi th  

rotational tnr 
~/ i i  = 7 .  TMS optimized helical f ie ld  c o i l  configuration permits 
direct access to a high-beta, second stability region in a flux- 
conserving manner, and volwne-average beta values above 8% may be 

achieved. 
stellaratnc conficpratims, including those with a helical magnetic 
a i s ,  and external contra1 of the fz~ndmermtal magnetic canfi 

parrneters, including rstatfonzd firan~form, shear, ma well, and 
plasm shape. 

three sets of polaidah f i e l d  coils; 

sfarm between 0 . 3  and 1 and with plasm aspect ratia 

The p l o i d a l  coil system alB~ws st.udy of a large variety Q€ 

The ATP consists of two segmented, jointed helical field coils; 
a thin, helically contoured 

vessel; and a thick, se gnted, toroidal shell s u p p s l  struc- 
features: include extensive access for 

plasma heating imd diagnostics, s high degree of construction ac- 
curacyI aall.rd parallel construction techniques. 

neering reasons for the different design choicest and the expected 
capabilities of the device. 

This p a p r  deSCE.i.bFi the  ATE' tUI"S8tr6nt the physics and era@- 

xi 
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ORNL-DWG 85-3657A FEQ 

i .a 

0.5 

c 

E - 8  
N 

-0.5 

-1.a 

R (m) 

Fig. 2 .  Cross section of the ATF a t  the (p = 6' l.ocatian. The 

apparent unequal cross section of the helical coi l s  is due to the 
different angles at which these coils cut the 9 = Oo plane a t  small 

and large R. Also shown are IBI cantcjucs and intersections with the 
+ = 0' plane of 1-kev H+ orbits launched a t  r/a = 0.95.  
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1.0 

0.5 

- E O  
N 

- 0.5 

-1.0 
1 .O 1.5 2.0 2.5 3.0 

R (m) 

Fig. 3 .  Cross sect ion of the ATF at the  0 = 15' locat ion.  

(BI  contours and the o r b i t  punctures are t.he sanae as i n  Fig.  2 .  

TI-E 



TABLE 1 

ATF Device Parameters 

Major radius R 

Average plasma radius a 
Average HF coil radius ac 

Vacuum vessel radius (inside) 

Structural shell radius (inside) 

Plasma volume 

Vacuum vessel volume 

vacuum vessel interior 

P 1 asma-wal 1 sepa rat i on 

Field 

Magnetic field on axis Bo 

Plasma Heating 
0 40- to 50-kV H N B X  

53.2-GHz ECH 

5- tO ~O-MHZ ICH 

40- to 80-rnZ ICH 

2.1 m 

0.3 m 

0.46 m 

0.58 m 

0.66 m 
3 3 .7  m 

10.5 m 

~1.16 by 0.65 m 

3 

0.05-0.2 m 

2 T I  5-s pulse 

1 TI continuous 

3 x 1.5 m, 0.3 5 

2 x 0.2 Mw, cw 

0.4 rylw, cw 

1.5 HW, <30 s 
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of stellarator configurations ai-rd was sper i  fically optimized for  

high-beta operation in the second stability region and for conficp- 

ra t i on  Elexihility. 

magnetic configuration parawters 

defined in Table 11- 

This optimization led to tht. selection of the 

P+, M, R/ac, I?/%, + ( a ) ,  + ( a ) ,  and AV' 

The novel stellarator parameters are the  srd.l plasm aspect 

ra t io ,  the Parge plasm volume (3.7 rn vs 1.5-1-7 m in Wsradelstein 

VIT-AS [ 3 , 4 ]  m d  Heliotron-E [ S I ) ,  and the steady--state f i e ld  capa- 

bility at 5 = 1 'T. The mil? parmeters of the l a rges t  mrld stel- 

larator experiments [ & 9 ]  are listed in 'ldble Iii. A shearless 

configuration w i t h  low transfom and a magnetic well is being studied 

in Wende'B.st;ein VI]-A [ I s ]  and will be studied in ilzodular form in 

Wendelstein VII-AS The other extreme a high-shear, high-transform 
eonfrguration with 2 vacuum magnetic hill, is being studied in 

MePiotron-E, 

3 3 

The ATF occupies an intermediate position. 

The high-beta capability is the result of a configuration 

optimization process. 

places SUL faces with loworder rational rotalionai transform 4 field 

line resonances) insick a mqiietic well or i n  high-shear regions. The 

macpetic well deepens with beka such t ha t  the plasma does not become 

unstable. T h i s  b e t a - s ~ l f - s t a b i l i z i n g  e f fec t  is referred to as stable 
access td t he  second sLability region. 

the coil sets allows external control of the  rotational transform 

profile so that i t  can be kept close to the (optimal) vacuum profile 

as beta increases. 

'The resulting rotational transform profile 

'The inherent flexibility of 

The good. confinement properties predicted EUL XrF ar ise  from a 
c:amlination of physics and desiyn factors .  

e lectr ic  f iela required for  m\ipoiarity produces a poloidal E$ x B 

orbit rolation and conselpently a l a rge  Luduction in both direct orbi t  

losses [ 191 and diffusive losses [ 1 O - J - 2 1 .  The VaCUUZt V C ~ S C ~  and HF 

The self-consistent radial 
+ 

coils are designed so t h a t  almost all coliisianless orb i l s  that cross 

the  plasm boundary ( t h e  z = 1 surfacs), the usual loss region, 

reenter the plasm before hitting the vacuclin wall. Additionalby, the 

tancjmtial neutral beam injection ( N E T )  path is such t h a t  Iv,,/vI > w 0.9, 
so tha t  fast ions are deposited fa r  from t he  p o k n t i a l  loss region a t  



TABLE 11 

ATF Magnetic Canfiguration Parmeters 

Helical f i e ld  coil winding law 

Multipole order R 

Munber of toraidal periods M 

HF coil aspect ratio &/ac 

Plasma aspect ratio ~ / i i  

Edge rotational transform .t.( a )  
Central rotational transform +(O) 

Vacuum magnetic well depth AVv 

9 = R@/M 

2 

12 

4.6 

7 

0.95 

0.35 

0.7% 

TABLE 111 
Principal u r g e  World Stellamtoe Facilities 

Pulse Main 
Device Location Start R (m) a (m) B (T) Length 0 t ( 0 )  +(a )  Feature 

Date (SI 

L-2 U.S.S.R, 1976 1 0.11 2 0.03 2 0.2 1.0 Stellarator 

W VII-A F.R.G. 1976 2 0.1 3.5 0.5 2 0.2 0.2 Shearless 

Heliotron-E Japan 1981. 2.2 0.2 2 0 , 5  2 0.6 2 .5  Nigh t, 

UWIGAN-3 U.S.S.R. 1982 l 0.13 2.5 0.5 3 0 0.6 Divertof 

w VII-As F.R.G. 1986 2 0.2 3 10 2 0.38 0.38 Modular 

ATF U.8.A. 1986 2.1 0.3 2 30,000 2 0.35 0.9 Flexibility 

TJ-I1 Spain 1989 1.5 0.25 1 0.5 - 1-3 1-3 Helical 

-0.6 -0.6 

shear 

coils 

axis 
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WQ iIld@wIld@l'lt HF C S i l S  

nted HF coils with joints 

TABLE PV 

- __ - 
Helical-axis capability 

Parallel. construction of HF coils and 
vacuum vessel 

Main ATF Chaxacteristlcs and Reasons for Their Selection 

Reason I Characteristic: 

~ x l m  distance from plasma, 

High precisian in 
construction and assembly 

Minimize magnetic field perturbations 
and impact on f l u  surfaces 
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required in construction and assembly. 

port systems (power supplies and plasm heating). Section VI gives a 
brief slirrrrudry and indicates fu tu re  directions f o r  the ATP progr&~. 

The appendix discusses the  optimization methodology and the ~esults 

that led to selection of the tousatcon eonficquration. 

Section V describes the s u p  

The goal of the RrF design progrpjn w s s  to define a Eaeility that  

can demonstrate the principles of high-beta, steady-state operation 

and advance the understanding of toroidal confii~ement. Toroidal 

confinement devices art. characterized by helical ( toroidal  plus  poloi- 

d a l )  magnetic fields that farm toroidally nested, closed magnetic 
surfaces. Their confining magnetic fields can he yemratcd by 

internal plasm Ci l r iTCIp ts ,  as in a tokamak: or by rurrents in external 

windings, as in a stellarator, These devices obtain the highest 
plasma parmeters of any confinement eonfiqr a t' -1on. 

1I.A. Selection of thhe S t e l l a r a t o r  Concept fo r  the P,TF 

The stellarator was selected to carry out the ATF s i s s ion  'because 

of: some important inherent advantages 
€OK theoretical optimization, and the high level of plasm perfor~mncs 

attained in stellarators in recent years.  

t he  l-evel of tool s ava'i l.abPe 

Toroidal conf inewmt systems with externa l  windings have Lhe 

advantages of inherent steady-state operation aid exterfial control af 

the magnetic configuration parameters. 

to drive a n p t  plasma current,  s ta r tup  on closcd rnagnclic surfaces., 

and rliinj nation of disruptions and otkicr currcnt-dt iven phenomena + 

External control of the my-netic confinement geomet i-y a::d the variety 

of possih3 e configurations allow experimental aptimizati on of 
~ S ~ ~ O K T R ~ X E ~  (sscond stability Legion for high betal plasm shapj ng to 

control rotational transform, etc.) and flexibility to study the basic 
"building blocks" of toroidal conlinement ( rotational transform, 

shear, magnetic well, raagnetie axis tup~d.acjy, e lectr ic  field, etc.  ) . 

Other ~d~antages are no need 



, 

The level of s te l larator  theory has advanced in recent years 

[17-211, and computational tools are now available for theoretical 
optimization of stellarator configuratians and mximiaation of 

flexibility in the wetic configuration. The theoretical optimi- 

zation of the canf ip ra t ion  is carried out: to obtain maximum beta 

capability. The maximization of flexibility provides for experimental 

optimization and Lor study of the  widest pr;ss;ible range of stellarator 

canfigurations. 
Significant experimental advances i n  the stellarator field in 

recent years [1,19,20] have also mde this concept mre attractive for 

fusion-relevant studies. 
and in Wendelstein VII-A [7,27,2bj is comparable to that obtaiircd in 
tokamaks of lar e t ic  field st~ength, and auxiliary 

heating power. 

Plasm performance in Beliotran-E E22-261 

Some recent experimental results are given i n  Table V. 

1f.B. Seleetisn of the ATF Mawet ic  Conficpration 

Sel@ction of a specific magnetic configuration for the ATF [29] 
involved examining a lar  

extensive s e t  of physics kaills: three-dimensional (3-D) 

magnetic field calculations, 2-D and 3-D ~YI e p i l i b r i m  and stability 

procedure is de 

these calculations were derived from rea l i s t ic  coil models, sathee 

than from approximate analytic f i e l d  representatians, to ensure an 
accurate engineering realizatian of the configurations studied. 

K o f  s te l la ra tor  g ~ ~ ~ ~ t ~ i e s  using an 

codes, and 3-D iding center particle orbit ccxles, The evaluation 

ribed in the appendix, Mb magnetic. fields used in 

The MHE, studies were the  most sensitive t.o variations i n  the 

vacuum field structure m d  played a dominant role in findin 
configuration for a particular st.elbacator geometry 

orbit studies and engineering studies established l i m i t s ;  on con- 

figurations k y  indicating h e n  configuration changes bec 

enough to be wacceptable - f u r  ex 
losses W E  requiring very tight coil. 

le, by producing large particle 

The aim of the evaluation studies m.6 t o  identify the type of 

stellarator confi ra t ion best suited far  the ATF mission and to 
restrict i t s  parmeter range for the optimization studies. The 

primary criterria were m x i  beta capability, good confinement 
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Current-Free Stellarator Parameters 

- 
n 

Experiment 

- 
E 

nr 

Heliotron-E 1.0 0 . 3 3  1.1 0.08 0.24 0.2 

B = 1.9 T 1.9 1.m 0.8 0.2 0.6 0.66 

7 .2  0.6 0.6 0.6 2 - 4  1 . 2  

B --- 0.94 T 

0.9 0.13 1.0 0.25 0.16 0.15 

7.8 0.35 0.35 2,O a .6 0.7 

Wen& 1 Stein VI I---A 

0.4 1.0 0.8 0 . 3  --- B - 3 T  10 

B = 1.25 T 0.8 I-- 2.3 --- 0.03 0.18 
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characteristics (assuming seasonable electric fields), a large plasm 

radius8 and the flexibility to allow changes in the magnetic configuration 

characteristics over a reasonable range. 
were relat.ive cast, en ineering difficulty, construction time, and 

similarity to existing 

Mditianal considerations 

The configurations conslde~ed were limited to the modest coil 
aspect ratios (R,/ac IS: 3-5) and eonfiquratien parameters appropriate to 
a near-term physics ~ X ~ ~ ~ ~ ~ ~ ~ ~ . ~  The vacum field canf ipra t ians  were 
required to have m etic surfaces with moderate plasma aspect ra t io  

(R/: = 6-12 1 I wera radius a = 20-30 em, 5 s tan t ia l  transform (+ 

> 0.51, and a magnetic: well and/or shear. 

eters outside these limits were also studied i n  urder to detelimine 

trends., 
trated in the appendix by Fig. A.4 and "Fable A.111. 

Configurations with param- 

The range oE stellarator configurations examined is illus- 

me main criterion used in optimizing the stellarator configru- 
ration far the ATF tvas high beta capability. Figure 4 illustrates how 

ilibrium Limitations and instability thresholds, 
determine the achievable beta. 
increases with the plasm aspect ratio (A = aV;;;) 
autward (~hafranov) s h i f t  of the magnetic axis, &,/% = e / ( +  A), 

The equilibrium beta limit, which 

ar ises  from an 
2 

the generation af parallel (Pfirsck-SchlGter) currents as 
pressure increases. This pher;amenan is basically the same 

Large toroidal shifts can cause a. topology change by as in tokamaks- 
bringing a separatsix i n to  the plas 
libriim. bn t h ~  s te l la ra tor ,  the toroidal shift also induces 

thus limit: the achievable beta. 
Pow-shear systems because the size of EA etic islands depends 

inversely on the stpare root of the local mcpet.ic shear. The 

increases t o   ans serve flux and thus avoid the change o f  topology 

~~d~~~~ by the toroidal shift. 

the main sc~urce of free energy i n  a stellasator, and the magnetic 
f ie ld  l i n e  curvature (shear, ana e t i c  well/hill)p which is mostly 

thus  destroying the %pi- 

try-breaking ~~~~~~~~~ t ha t  can destroy magnetic surfaces and 

This  is particularly impartant far 

derate-shear AT!? relies on varying the poLoida1 f i e ld  shape as beta 

The? stability is determined by the pressure gradient, which is 
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ORNL-DWG 8 4 - 2 5 7 O A 7  F E D  

E O U  ILI RRIUM LIMIT 
D E P E N D I N G  ON DESIGN 

tc STABII.. IT Y 
LIMIT 

t-C MAXIMUM 
,@ 

I---- B E T A  

..I__. - . _.. . . . . . . 5- 

P L A S M A  ASPECT RATIO 

a 
t- 
L L J  
m 

EQUILIBRIUM I.. IMIT 

\-- 
\= .STABILITY 

P L A S M A  ASPECT RATIO 

Fig. 4. Equilibrium and s t a b i l i t y  limits on inaxirflm beta 

achievable in s te l la ra tors .  (a) In a conventional design, rmximi.m 

beta occurs a t  R/a = 10-20. 

stability region (indicated by t he  arrow) and pro f i l e  coritrol to give 

higher b e b  (limited by equilibrium) at lower R/a ( - 7 ) .  

(b) The A'1'F design uses Lhe second 
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determined by curren ts  in external coils. 

decreases as the aspect ra t io  increases and the to ro ida l  curvature 

decreases, 

increases  as beta  increases ,  but the aeeorqxwying outward mawetic 

axis shift increases  the magnetic well depth and changes the mynetic 

field line curvature.  

beta, there is a beta-self-st~ilization effect [ 3 8 ] ,  and the 
stability improves with beta [Fig. 4(b)1. This  resukts j n  s t a b l e  

driven modes. At high beta the induced Pfirseh-Sckliiter txrrenlcs can 

be large enough to destabilize kink des. ~ ~ w e v e r ,  these modes have 
a weaker growth rate than i n  tokamaks, and the codined  effect o f  
coupling to stable interchange modes and wax1 stabilization is effec- 

tive €or the stabilization of these modes [ 3 1 ] .  

The s t a b i l i t y  limit 

The free energy available t o  drive the instability 

If the well depth increases fast enough w i t h  

~ ~ C C ~ G S  to the so-called second s t a b i l i t y  regime for the pressure- 

From the evaluation described in the appendix, the R, = 2 torsatron 
emerged as the most prarniaing configuration on which t o  base the ATF 
design, 

the size md f i e ld  far the device. 

The cost and engineering constraints had basically determined 
Therefore, the aspect ra t io  A and 

r of f ie ld  periods M were the only free parmeters remining 

to f i x  the design of the helical  co i l s ,  In t h i s  s i tuat ion,  it was 
possible to determine these parmeters through an optimization study, 
which was done in two steps, F i r s t ,  the optimal pi tch parmeter,  p = 

M/RAc, of the helical c o i l  was Eamd. 

relation between the aspect ratio and the n i n h r  0% field periods was 
established, and the optimization was reduced t o  a single parameter 

search. 

configuration with  opt i  properties; that is, t h e  highest 
equilibrium axad stabi1it.y c r i t i c a l  beta e,. 

To f ind  the optimal pi tch  parmeter, t he  vacuum. fif1.d properties 

of many ( -100) configurations were stradied [ 2 9 , 3 2 ] .  These properties 

are very sensitive to the pi tch  of the helical coils, as illustrated 
in Fig. 5, which shows three configtlrations with the same coi l  aspect 

ratio hut with different p i t ch  p (a MI. 
has a small radius for the outermost flux surface and practically no 
shear. 

Once the p i tch  was fixed, a 

Then, the second step was carried out by booking Ear the 

The lcxest-pit.ch case, p = 1.14, 

The highest-pitch cam, p 72 1.71, has large vrrlme utilizat.ion 
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but high transform and shear only on the outer surfaces, which are 
lost when finite-size coils are used and allowance is mde for plasm- 

wall spacing. me case with p = 1 . 3 7  is a good compromise between 
plasm size, shearp and transform Therefore, a pitch parmeter close 
to 1.4 is optimal for an 
has been found in Heliatron studies. 

I ,=  2 torsatrsn, A similar result ( p  =: 1,31) 

In the second step of the optimization process, a constant-pXtch 
(p = 6 . 3 7 )  scan was used to investigate the equilibrium and stability 
properties of tarsatrons as a function of aspect ratio. 
shows the configurations studied in the  constant-pitch scan. 

rations with M < 7 were eliminated because at these M values the 
magnetic axis of the vacuum configuration bifurcates. 

the radial variation of t and [Vf - Vf(0)]/vf(O) for these canfigu- 

rationsI where Vf =f. J d i p  for  these configurations. The plasm 

aspect ratio increases with M in the s<me proportion as the coil 
aspect ratio, R/S = 0 . 6 2 ~ .  = 0.58R/ac. Both the central and edge 
rotational transforms increase with M, but the global shear is ap- 
proximately constant, [+( t i )  - - t . (o ) ] /+ (o)  2 ,  for M 2 12. TI-ES~ 

approximately canstant ratios are a consequence of the constant pitch 
of these configurations. The vacuum magnetic well decreases in depth 
with increasing M and vanishes for the M = 24 case in Fig. 7 ( b ) .  

To compare the equilibrium properties of different configurations 

it is useful to evaluate an equilibrium critical beta. 
nition of equilibrium critical beta for a 3-B configuration is not 
easy to give. 
define the equilibrium critical beta as the value of beta at which the 

magnetic axis shift attains a value of one-half the minor radius. 
Figure 8 shows the variation of the magnetic axis shift with central 
beta for the M = 12 confiwration. The value of critical beta 

increases with aspect ratio along the constant-pitch sequence. 

However, the improvement is not a strong function of aspect ratio. 

is clearly net as strong as suggested by the often-used expression 6, -”. 

2 +(a )  /A M, which is based on a low-beta estimate sf the magnetic 
axis s h i f t  [ 3 3 ] .  

Figure 6 
Configu- 

Figure 7 shows 

A true defi- 

Howeverd a practical way to make the comparison is to 

St 
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The stability properties are rather more sensitive to the a s p e t  

ratio. 
decreases strongly with aspect ratio, and the plasma becams stable 

for M < 13 (Fig, 9) [ 3 3 ] .  This stabilizing effect has k e n  cor- 
related with the absence of low-order rational surfaces in the 
magnetic hill.  region (Vi' > 0). Figure 10 shows the relationship of 
the lw-order rational surfaces to tct the transform at the critical 
surface where Vre = 0, for the vacuum field of the configurations in 
the eonstant-pitch scan. 

configuration space where low-order rational surfaces  lie inside the 

plasm but outside the critical surface (where V'? changes from 
stabilizing t o  destabilizing). In this stability window, the beta- 
self-stabilization effect dominates, and the plasm can have d i r e c t  

access to the second stability regime. 

are combined in Fig. 11, Computational difficulties due to either 
nwrical problems of grid resolution in the high-pressure-gradient 
regions or actual breakup of magnetic surfaces prevent calculation of 
higher-faeta equilibria than those indicated. 

[ 3 3 , 3 4 ]  we eancluded that  the optimal value of M is the highest one in 
the stability window. This led to Selection af the M - 12 case as the 
optimal torsatran configuration. 

ile the XTF coil geomtry was designed to produce the optimum 

equilibrium and MHD stability properties. for  the standard AT'F con- 
ration, the PF coil systems were designed for maximum flexibility 

to provide access to a wide range of magnetic configurations, as 
discussed in Sec. 111.14. 
required to independently control the rotational transform and the 

magnetic well without generating a net plasma current [ 3 5 ] .  

For fixed beta, the linear growth rate of the low-n modes 

The shaded regions show the sections of 

The equilibrium and stability results for the constant-pitch scan 

From these studies 

A n-himun of three sets of coils was 

1I.C. Selection of the ATF Device Farmeters 
The optimization process discussed in See. 1f.B led to the speci- 

fication of the HF and W tail sets s h m  in Fig, 12 and of the norma- 
lized coil currents and sizes given in Table VI. The heights of the 



22 

LINEAR GROWTH RATE A T  P0~0 .08  

ORNL-DWG 8 2 - 3 5 3 0  FEU 
0.020 

0.015 

0.01 0 

0.005 

0 
10 15 2 0  25  

M 
Fig, 9 .  Linear growth rates ( i n  units of t h e  inverse of the 

M f v &  time) for  n == 1 and n = 2 inodes for  tha constant-pitch cor1figi.i- 

ra t ion scan. The stah1.e window between M = 1 0  and M = 1 3  has 110 

pri~cipal. resanmce outside t h e  m p e t i c  well, 



ORNL-BWG 85-3471R FED 
_I-. ... . . . 

2 

t 
1 

0 
0 5 10 15 20 25 

M 
Fig. 10. Location of the principal low-arder rational rem- 

nances (+ = 1, 1/2, 1/3, 1/4, 1/5, etc.) relative to cr i t ica l  + values 
for configurations in the constant-pitch scan. Configurations in the 
window (nonshaded area) between M = 10 and N = 13 have no principal 
ressnances between the high-beta boundary of the stabilizing magnetic 
well and the plasm edge, 

ORNL- DWG 82-3547 FED 

20 

E 
9" 

10 

0 
5 10 15 20 2 5  

M (aA) 

Fig. 11. Combined equilibrium and stability constraints for the 
constant-pitch configuration scan. 
are in units ~f the inverse o f  the poloidal N f v &  time. 

The n = 1 instability growth rates 



ORNL-UWG 85-3124 FED 

Fig .  12. The ATF coil sets. 

TmLE VI 

ATF Coil Specifications 

.- -~ 

Parmete r HF Inner VT Mid-VF outer w 

1 

0.218 

0.633 0. $05 1.40 

__. _-- 

+0. 095 40.405 - +0. 305 - 

0.15 0 -0.47 



25 

inner, outer, and mid-VF mils were chosen ta allow adequate space for 

the diagnostic parts. 
the Following considerations. 

The device parameters (given in T a b l e  I) were 

The machine size (R = 2.3. m, and hence ac 8.46 m arid iJ. = 0.3 m) 
was determined mainly by constraints on the device cost, which scales 
approximately as the total mss and hence roughly as R B 

material stress levels, 
large enough not to be dominated by edge effects and adequate sepa- 
ratian of the plasm edge and the vacuum wall.. 
(typically 5-10 cm) is characterized by atomic ~ K O C ~ S S C S  (charge 

exchange, ionization, impurity radiation) and the edge magnetic 
geometry (mametic islands or broken flux surfaces near t = 1 and the 
divertor-like scrapeoff layer associated with the separatrix outside 
the -% = 1 surface). The plasma-wall separation in ATF varies from 

5-10 cm under the helical coils to 20 cm a t  the outside (large R). 

3 2  Ear constant 
Other importmt constraints were a plasma 

The plasm edge region 

The magnetic f i e ld  strength (B = 1 T for steady state and 2 T for 
5-s pulses) is determined by a combination of physics (availability of 
ECH Ear currentless operation), engineering (coil heating, power 
supglies, Forces, structure), and cost considerations. The desire ta 

shorten construction time led t o  the chaice af jointed HF coils. 
joints restrict steady-state operation to 1 T, due to the difficulty 
o€ coaling the joint region, and pulsed (5-s) operation to 2 T, due to 

2 stredses in the joints. 
The steadystate HF p e r  requirement at 1 T is 22.5 MW, a level 

compatible with upgraded power supplies; and cooling towers a t  O W .  
The forces at 2 T (maximum 2 MN/m radial and 1 axial) are con- 
sistent. with a toroidal shell support structure that allows large 
autside diagnostic ports (0.6 by 0.9 rn) and with a large number (10 ) 

The ATF has n~ toroidal field (TF) coils because they would limit 

These 

The maxim current density is 3 9 m  at 2 T. 

4 

Of full-field pulses, 

access to the plasma. and increase the mpetie laads on the device, 
thus restricting the allowable currents in the ather (HF and VF) 
coils. However, tho! ATF has been designed to accept 0.5-T TF coils 
(and the resulting forces) to allow the possibility of a future u p  
grade for stellarator-takamak hybrid operation. Such an upgrade would 
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also require  addi t ion of high-power lower hybrid current  dr ive  or a 

l a rge  ohmic heat ing (OH) transformer to sus ta in  the  plasm current .  

Z I P .  ATF PHYSICS W A B I L I T P E S  

The c a p a b i l i t i e s  of the optimized ATF torsa t ron  a r e  determined by 

i t s  vacuum magnetic configuration cha rac t e r i s t i c s ,  i t s  high-bgta and 

t ranspor t  p roper t ies ,  and i ts  aux i l i a ry  systems (plasma heating, 

energy and p a r t i c l e  removal, e t c ,  ) . 

I11 .A. Propert ies  o f  t he  ATF Vacuum Magnetic Confiynration 

The standard ATF vacuum magnetic configuration, defined by t~he 

r e l a t i v e  c a i l  parameters i n  Tahle V I ,  is i l l u s t r a t e d  i n  Fig, 13.  

The e f f e c t  of f i n i t e  t o r o i d i c i t y  is apparent. The corresponding 

R =: 2 system i n  the  s t r a i g h t  (infiriite--aspect-ratio) l i m i t  has mg- 

n e t i c  surfaces  w i t h  e l l i p t i c a l  cross  sect ions that. ro t a t e  po lo ida l ly  

by an angle 8 = 69 as the t-oroidal arigle (8 increases.  

aspect-rat io  e f f e c t s  produce a devi.at,ion from the pure e l l i p t i c a l  

shape. As can be seen i n  Fig, 1 3 ,  the  elongation of the magnetic 

surfaces v a r i e s  from 1 . 9 6  a t  6 = 0 t o  1.55 a t  Q 

surfaces  near $ = 15 have pronounced t r i angu la r i ty .  

'l'he f i n i t e -  

0 15", and the 
0 

The plasm s i z e  is characterized by the average radius a of the 

"last" closed f l u  surface,  beyond which the magnetic f i e l d  i s  ergodic 

( a  magnetic l imit-er)  o r  displays a separa t r ix  ( a  imcpetic d i v e r t o r ) .  

For the ATF case,  we assme t h a t  the plasm edge is given i n  prac t ice  

by the -t = 1 surface as a r e s u l t  o f  the s e n s i t i v i t y  of t h i s  resonance 

surface to magnetic i s land  formation. However, f lux  surfaces  e x i s t  a t  

l a rge r  radius ,  as shown by the vacrnim f i e l d  ca lcu la t ions .  

The ro t a t iona l  transform p r o f i l e  foL the  standard ATF configu- 

r a t ion ,  sham i n  Fig. 1 4 ( a ) ,  is the r e su l t  of the Kqi? optimization 

s tud ie s  described i n  t.he appendix. The q = 1 and q = 3 surfaces  are 

excluded from the p l a s m  since t ( r )  va r i e s  from 0.35 a t  the center  t o  

0.95 a t  the  edge, 

and the  low-order resoiiances for  0 .5  < -+ < 1 f a l l  i n  a region o f  

h i  ghe r shear e 

The t -- 0.5  surface f a l l s  w i t h i n  a magnetic well, 
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The outward displacement of the magnetic axis relative to t he  

center of the last closed f lux surface in Fig. 13 indicates the 
existence of a vacuum ma etic well. 
Fig. 14(b) , which shws VI as a function of the average radius ?. 
Here V* = 4 dC,D is the derivative with respect to the toroidal flux 

o = J d~ i3.'~+/2n of the volume v enclosed in a flux surface. 

The region o f  the magnetic well correspands t o  V" < 0, and that of the 

magnetic hill t o  V" > 0. 
depth is given by QVr = [V1(0) - V;in]/Vf(0). 
vacuum configuration, AVp is 0.7%. Tlhe m atic well has a stabi- 

lizing effect on interchange modes. 
magnetic well for r < Fmin and shear for 7 > Tmin stabilizes the 
dominant resonant modes. 

This is seen more clearly in 

~f v~(T) - 
Vkin at: rmin, the configamtion has a magnetic well. 

A quantitative measure of t he  magnetic w e l l  

Far the standard ATF 

In ATF the combination o f  

Ira addition to transform, shear, and well depth, anather parmeter 

that characterizes a magnetic: configuration is the poloidal variation 
on a flux surface of Q = J,, dR/B, int.egrated along a field line Q V ~ E  

one field per id .  

The poloidal variation AQ abaut the average value VI is directly 

related to the Pfirsch-Schluter current, since j /j a and 
I I  1. 

thereEore to the shift of the magnetic axis,  The normalized mean 

square value of AQ increases with the average radius, as shown in 

The average value of Q on a flux surface is tp'. 

Fig. 1 4 ( c ) .  

The IS( cantaurs are basically quadruplar ( t =  2 )  and ~ o t a t e  with 
the twist of the helical coils, as s h m  in F i g ,  15, and the saddle 

po in t  in the [Bl contours s h i f t s  with respect to the  magnetic axis of 

t h e  flux surfaces. The magnetic f i e ld  variation along a f i e ld  line 
- )/(Bmx j. Bmin) is relatively [helical field ripple i5 = (Bmx 

small ( A  i?: 0.004) an the magnetic axis but rises to a large value 

( A  = 0 . 3 4 5 )  at the plasma edge (t = 1). Modeling each WF coil with a 

single fil-ament and with six filaments gives essentially the same [Is/ 
contours and flux surfaces inside the l a s t  clcpsed f lux  surface. Dif- 
ferences important only near the HF coils, and then six (or  mare) 

filaments are used to obtain a better field representatian. 

Bmin 

\ 
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F i g ,  15. Flux s u r f a c e s  and l a [  c:cmt-ours fo r  the standard ATE’ 

configuration, modeled with  one and s i x  filaments. The I B I contours 
are separated by 0.05 ‘l’ and range from 1. :r between the  c o i l s  to 2.8 ‘T 

i~nder  the coi1.s. The cenLra1 (saddle--point) IBj -ZI 2.0 ’r. 
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The PF co i l  system s h m  in Fig. 12 permits wide variations from 
the parmeters of the standard configuration just described. 
Elexibility to modify and control the magnetic configuration param- 
eters derives from the three degrees of freedom inherent In the PF 
coil system: (1) the po1oida.l f l u ,  which controls the net plasm 
current (normally zero); ( 2 )  the dipole moment, which permits 
shifting the 
magnetic well depth; and ( 3 )  the quadrupole moment, which permits 

plaidal shaping of the magnetic surfaces and changing the central 
rotational transform. 

[ 3 5 ]  as linear combinations of the innerp outer, and mid-vx;' co i l  

currentsj, so the three VF coil sets allow independent control of these 
quantities. 

The 

petit axis inward or outward and varying the vamm 

Changes in these quantities can be expressed 

Figure 16 shows the Q1 = Qo magnetic flux surfaces for a range a€ 

Table VI1 gives the corresponding 
The central  case in the figure is the 

plasma shifts and plasma shaping. 
values of the VF coi l  currents. 

standard ATF configuration (nominal current settings). 
of plasm shapes is possible, from basically triangular to elliptical 
t a  configurations with a bifurcated macjnetic axis [ + ( O )  = 01. Shi f t -  

ing the axis inward in major radius (av < 0) produces a destabilizing 
magnetic hill; the nominal axis position (R = 2.1 rn) or shifting the 

axis outward (Av > 0) produces a stabilizing 

obtained by changing the mid-VZ" cui1 current are shown in Fig. 17(a) 
for  the mshifted (RO = 2.3, n r ~ )  confi 
Fig. 16. Figure 17(b) shows the changes in these parmters obtained 
by shifting the magnetic axis for the unshaped (InIa = 0 )  confi 
rations in the central row of Fig. 16, Fairly large variations are 

possible in central transform (from 0 to 0.5), edge transform (from 

0.8 to 1-24], and magnetic well/hill (from 5.2% well to -20% hill), 
but the average plasma radius is approximately constant (28.5 cm to 
34.7  cm) during these parmeter variations. Figure 18 S ~ Q W S  the 
radial profiles of -t and VI ( F ) / V r ( 0 )  far the extremes of the 
and A ranges in Fige 17. 

These magnetic configurations have essentially a circular magnetic 
axis. M important variant of the stellarator  onf figuration, one with 

A wide range 

Some possible variations in the magnetic configuration parameters 

eations in the central c d m  of 

V 
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TABLE VI1 

Coil Currents for Configurations in Fig.  16 

inner" h Iouter /I h 

-0.27 

-0.13 

0 

4.13 

4.27 

2.05 

2.1 

2.15 

2.05 

2.1 

2.15 

2.05 

2.1 

2.15 

2.85 

2 .1  

2.15 

2.05 

2.1 

2.15 

0.329 -0.432 

-0.425 

-0.406 

0.236 -0.477 

-0.461 

-0.434 

0.150 -0.520 

-0.494 

-0.460 

0.064 -0.561 

-0.528 

-0.486 

-0.029 -0.591 

-Q. 566 

-0.514 

0.173 

0.311 

0 .533  

0.274 

0.352 

0 .533  

Q. 266 

0.336 

0.504 

0. I61 

0. 260 

0.439 

0 

0 

0.316 
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a helical. magnetic axis, can also be obtained with  the A'FF coil. set by 
using different curfents in the two HF windings. 

example obtained with one HF winding having 0.16 times the current in 

the ot-her (both in the same direction). The helical nature of the 
magnetic a x i s  can be seen i n  Fig. 1 9 ( a )  and in Fig. 19(c), which 

shows the poloidal rotation of the plasma cross section around the WF 
winding axis, Figure 1 9 ( d )  shows the vacuum flux surfaces in the Q, = 

0' and Q, = 30' planes in more detail. 
[Fig* 1 9 ( b ) ]  varies from t ( 0 )  = 0.62 t o  + ( a )  =-' 0.93. 

Figure 19 shows an 

The rot.ationa1 transform 

In addition to having a helical axis, this configuration is inter- 

esting because of it.s lower shear and lack of a primary (n = 1) 

resonance in the plasm. 
winding with the higher current, it tends t o  be closer to the vacuum 

wall. and thus have a smaller average radius (a = 15-20 cn). 

helical--axis configurations can be obtained by varying the ratios of 

the two I-IF winding currents and of the VF coil currents. 
has not: been optimized fo r  helical-axis configurations, it will 

nevert-heless provide useful insight in to  the mE properties of these 

configurations [ 3 6 ] .  

Since the helical-axis plasm follows the HF 

Other 

Although ATF 

1II.B. Finite-Beta Effects  

As discussed in Sec. EI.B, ATF was optimized for  high-beta plasm 

operation and provided with the necessary flexibility to  study t-he 

physics of high-beta t-oroidal plasmas The opti1niaa.tion was done so 

that ATF is limited in beta only by equilibrium and not by stability 

( s tab le  access to the second stability regime). 
lations have shown the  existence of equilibria at least up to <e> = 8% 

(Fig. 20). Numerous calculations 133-403 have been performed w i t h  

different 3-D equilibrium codes and for  a broad range of pressure 

profiles, and they show consistent results. Fixed and free boundary 

ideal MHD stability calculations fo r  low-n modes ( n  < 3 )  show that  all 

equilibria for the standard ATF configuration (vacuum magnetic axis 

position at R = 2,1 m) are stable [33 ,38] .  These calculations covered 

a wide range of parameters and assumptions. 

<@> ranged from 0 to 7.5%. The pressure profiles assumed were p = ?, 

Equilibrium calcu- 

The volume-average beta 

P 



I I I I - 3  
-3 -2 -1 0 4 2 3 

x ( m )  

TRANSFORM t 

-t 

0 
1 2 3 4 5 6 7 8 9 1 0  

CONTOURS 

37 

0.4 

0.2 

+-.. 

5 0  
N 

-0.2 

- 0.4 

ORNL-DWG 02-344fR FED 

I I I -7 

1.6 4.8 2.0 2.2 2.4 2.6 
0.6 r - - - - - - * T - - - l - - - - = q  R (m l  

FLUX SURFACES 

0.4 

+=0" d, = 30" 
- 0.4 

1.6 1.8 2.0 2.2 2.4 2.6 
R ( m )  

Fig. 19. Helical-axis configuration with six field periods, 

produced by unequal currents in the HF coil windings (11/12 = 8.16). 
(a) Top view of ATF showing the helical magnetic axis (dotted curve) 
and the two helical windings (solid on top, dashed underneath). ( b )  Rota- 

tional transform vs contour number (1 = central, 10 = edge) of vacuum 
flux surfaces i n  (d). (c) Side view of the outer flux surfaces at 

0 = OD, 15", 30°, and 45' and the circular projection of the 
helical windings. (d) Internal structure af the vacuum magnetic 
surfaces at 9 = 0' and Q, = 30' shown in (c) 
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F i g .  20. Sequence of IWD equilibria from the  3 4  NEAR code for  the 

standard ATF conf i q x a t i o n .  
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I 

where I is the poloidal Flux,  nmmlixed to t a t  r -= a: and the 

exponent x ranged frsm 1.3 t o  4 .  Finally,  the e ilibris csnsidered 

assumed either flux conservation or zero net  current on each f l u x  

surface, When the shaping coils were used t.a mintrain the transform 

close to its vacuum profile, the plasm also remairaed stable to 

Mercier (high-n, radially localized) modes [ S S ] .  

P 

The stabilization of the I~w-n modes in ATP is a3?&iiy due Po the  

deepening of the magnetic well w i t h  increasing heta and to the exclw~' " 12 I nn 
of the -t = 1 surface from t.he plasma. 

well is sufficient to stabilize the modes rcsonant at. the -t. = l,Q 

surface, the most dangerous modes for  this configuration, T?E 

increase in well depth with beta is prudtieed by the sutward shift oE 
the magnetic axis (evident in Fig .  20 and plotted in Fig. 21). The 

well depth for the standard ATF configuration increases from 13~7% in 
the vacuum to about 15% at a peak beta value of 10%. 
well also broadens radially with increasing beta and extends to -t > l/2 
( F i g ,  2 2 ) .  

plasma stability proper t ies  improve with increasing beta. 

The deepeni~q of the mg7lieti.c 

The wacpetic 

This increase  in well depth with beta if; G U G ~  tha t  the 

The beta limits and their depeneleme on the magnetic configi-irakisn 

properties can be t e s t e d  in ATP at relatively Bow beta values. 

can be done by s h i f t i n g  the magnetic surfaces inward, creating a 
magnetic hill in the plasm. 

illustrated in Fig. 23. FOK a 5-em inward shift cb of the vaceium 

magnetic axis., the plasma is stable for (3 < 1.5% ( f i r s t  stability 

This  

The effect  on the plasm stability is 

V 

Q 
region) ,  w?5tablE! f oc  1 - 5 %  < Bo < 8%, and stable again due to Lhe 

beta-self-stabiliaing effect far  R > 8% (second stability reginn). 0 
This corresponds to a relatively law beta tangje, ( 8 2  r: 3 8 ,  and can be 

tested experimentally. For t he  standard ATF posit ion ( A  = 0 )  or for  

an outward shift ( A v  > 01, the plasm is stabl-e over the e n t i r e  beta 

range shown i n  the f i cpre .  

stability regions have mergedr a situation commonly kncm as having 

stable access t o  the second stability region. 

V 

F D ~  these cases the f i r s t  and second 

Another feature of the flexibility hilt into RW my be seen in 

F i y .  24 ,  which shows the variation of the rmpefic axis trans1om +(O) 
w i t h  beta and with t h ~  cpadrrlipole moment o f  t hc  1.T i w i l .  system for  
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Fig. 21. Deepening of the magnetic well with beta due to the 
increasing outward (Shafranav) shift of the magnetic axis .  
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Fig. 22.  Dependence of the critical surface (VI' = 0) loca t ion  cm 

beta for  a fli.ix-conserving M :: 12 torsatron, indicating an increase i n  

well size as beta increases (second stability region).  
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high beta by increasing JFIID as beta increases. 



Zeio-currPnt equilibria. Exmples of these equ i l ib r i a  zce sinom i n  

Fiq,  25 f o r  diffeLent beta values.  

decreases the transform but increasps t h e  beacinws (7f the  pl<a!psma, 

eomSining beta and shapingi the plasma can a t t a i n  high Lek2 w k i l p  

m i n t a i n i n g  a t~a11sEorm very close to  the optimal vaciiim tramsfoLat [ 351 - 
This path corresponds t o  the diagonal from top  le f t  t o  boiiow r ight  i n  

Fig,  25. 'This way of aehiavintj high beta jmp~i3ves til? q.LLlihriunt ant 

s t a b i l i t y  of the plasm. 'The equilib-riiim i l  v e ~ ~ i ~ i a t  is  due t u  a 

reduction of the var i a t ion  of J dR/B i n  a f i e l d  peliod, whicii causes a 

reduction o f  the  magnetic axis s h i f t  w i t h  beta and t hc  cuncomitant 

e q i l  ibriwn improvem~nt. ALthoucjh t h ~  rh i f t  is reduced; there  is no 

reduction of the m p e t i c  well because tic shaping deepens the we: 1. 

YAP ove ra l l  e f f e c t  on s t a b i l i t y  is an jrnprovement for  t he  ! t ? K L i C ;  

nidest which are now stabilized 

Incr Pssing the yuaclr~ipfile ~o~rsen t  

by 

for  very broad pressure p r n f $ l e s .  

1: P 1 I j  C. Coi?f inement and Transport 

Energetic o r b i t  confinemer:t and t ransport  arc i.rnportant Eactnrs i.n 

selection of an optirrnrin s t . ? l la ra tor  inagnet.i.c c o ~ i f i g ~ ~ r a t , i  on - 

re lat ively la rge  h e l i c a l  field ripp;e i n  s t e l l a r a t o r s  cai? lead t-o 

large losses of ripple-trapped p a r t i c l e s ,  which a r e  seimsiti ve t o  t.hc 

de ta i l s  of t h e  magnetic confiyuratioii [ 4 1  1 .  
a r e  not  w e l l  confined because t-heir l oca l i zz t inn  i n  a helical .  r i pp le  

well. emphasizes the oiitward 8 x W dri E t  and redcces t he  compensating 

poloidal  rotat-ion due t o  t. These par t ic les  should diift rapidly 

cxrtward and be 1 o s t  t o  the vaciiim wall ii? ATF, 

 he 

Ripple-trapped pa r t i c l e s  

+ 

EIowwer, gcridiny center orbi  Ir. calculat,ioris assuiiing no e l e c t r i c  

fi-eld and using acmrat-e representations of the  ATF macywtic geometry 

( n l d t i f i l a m e n t  c o i l  n10de1) arid the '?IT;P vaciiim vessel 51-ti:iid t h a t  

although trapped-particle orbits do go c7uCside the l as t  "closid"  

magnetic surface ( taken t o  be the plasma boundary) , t-li 
r e t a rn  t o  the plasm before h i t t i n g  t h e  w a l l  [ 47.1.  'I'his i s  illijs- 

trat-ed i n  F i g s .  2 and 3 for  c o l l i s i o n l e s  I . - - ! ~ v  H-" o r b i t s  1aur-rci.ied 

randody i n  8 ,  +, arid vI,/v at. r/a -- 0.35 fo r  H - I T. T:E :ast closed 

fl.rrjt surface i n  these ficpres is a t  the outei  edgi.! of the e l l i p s -  

f o i ~ ~ e d  by the densest  concentration of o r b i t  piinctures. Similar 
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resu l t s  a r e  obtained for  low-energy (IO-eV) ions launched a t  r/g -.- 

0.95 and f o r  high-energy (20-keV) ions launched a t  r/a = 0.25. Thus, 

there  i s  e f fec t ive ly  no co l l i s ion le s s  o r b i t  loss region i n  ATF, even 

i n  the  absence of e l e c t r i c  f i e l d s .  

‘The shapes of the I4F co i l  cross  sec t ion  ( s p e c i f i c a l l y ,  the chamfered 

corners )  and of the  vacuum vessel  were chosen t o  take advantage of 

t h i s  s i t u a t i o n  by mximizing the distance between the l a s t  closed f l u  

surface and the vacuum vessel  wal l ,  as discussed i n  See. 1V.C. Iiitro- 

duction of H -H 

lass of energet ic  p a r t i c l e s  t o  the wall, with surfaces  c loser  t o  the 

plasma (under the I-IF c o i l s )  receiving a somewhat higher share. 

+ o  charge-exchange co l l i s ions  leads t o  a f a i r l y  uniform 

In addi t ion,  the poloidal x 8 orbit, ro ta t ion  due t o  ambipolar 

r ad ia l  e l e c t r i c  fi.elds of moderate s t rength  (po ten t i a l  9 -” ‘I?) has a 

niucii l a rger  e f f e c t  on confinement improvement than do d i f fe rences  i n  

rmcjiletic confiquration propert ies .  

d x B‘ veloc i ty  due to e i t h e r  s ign of the radj.al e l e c t r i c  fie1.d can 

oveilcom the rad ia l  d r i f t  of h e l i c a l l y  trapped p a r t i c l e s  and effec- 

t i v e l y  cl.ose the l o s s  region t h a t  would otherwise lead t o  a la rge  1/u 

t ranspor t  a t  low c o l l i s i o n a l i t y  [ 11 1 2  I 43-45]. $The la rge  reduction i n  

co1.7.i.si.onless o r b i t  losses  for  @ > E ,  the  p a r t i c l e  energy, is i l l u s -  

t-rated i n  Fig. 26. 

r e s u l t  from f i n i t e  beta produce e f f e c t s  on the o r b i t  losses  t h a t  a r e  

much srna.l.1 e r by c oiwpa r i son . 

A s u f f i c i e n t l y  la rge  poloidal  
A 

_I 

The changes i n  the magnet.ic configuration t h a t  

The r ad ia l  e l e c t r i c  f i e l d  al.so leads t o  a reduction i n  didfusive 

losses;, as shorn i n  Fig. 27. For CP > T ,  the ripple-trapped p a r t i c l e  

contr ibut ion t o  the ion heat d i f f u s i v i t y  x calculated by Shaing and 

Knulberg [ll] i s  reduced t o  values coniparah1.e t o  t h a t  for  t.he a x i s p -  

rrartric neoclassical  x .  calculated by Hinton and Hazeltine 1461. Monte 

Carlo ca lcu la t ions  for  ATP [ l o ]  a l s o  show la rge  reductions i n  t r a n s -  

por t  for  Q > T. Similar confinement. improvement i s  seen i n  o ther  Monte 

Carlo tal-culations [ 47,481 and i n  Fokker-Planck cal-eulations [ 491 of 

s t e l l a r a t o r  t ranspor t ,  and it- is inferred from measurement~s on Wendel- 

s t e i n  VII-A and re la ted  calculations [50]. 

i 

1 

,-d 
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Fig. 26. The density-weighted loss fraction of 1-keV H" a t  B 8: 1 

for the vacuum configuration and <f3> = 1.5% and 2.5% as a function of 

a0. 
p r o f i l e s ) .  

Here n and 9 have the form 1 - q/@wall (approximately parabolic 
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Fig. 2 7 .  Ion heat. diffusivity x. vs collisionality v+.  I l. 

Moderate radial e lec t - r ic  fields reduce the r ipp le t rapped  contribution 

to xi and move the transition to favorable transport. scaling (xi  4 v* 

instead of xi = l/v*k) to higher eol l is ional i t -y .  
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111 .It). Perfoxmnce Projections 

collisionality and the  reduction of driven plasma curren~i-s~ ~olsgh 

estimates for these quantities can he obtained from simple exp-.es-- 

sions, although more extensive,  profile-dependent, I - D  t rnnspor t  c .de  

calculations a re  required for more accurate esf-imtes. 
-3 

related through the plasm stored energy W by w = P 

where Pabs is the absorbed heating power arid \F i s  t h e  plasma ~olt3rne, 

<fj> = 2%, -cFt = 10-20 ms) gives rE = 23-45 ms and <@> = 59 (for Pabs 

= 3.6 M w j .  

The ATF mission requires the attaimxent o f  high beta and Low 

Energy confinement time T - a"/4x and volume-averap beta <@> .=are 
2 E 

T .= ( 3 8  < @ ' . t s ) / 4 ~ ~ ~ ~  ab5 

Scaling from Heliotron-E data [ 2 3 ]  (5  = 0.2 m, B = 0,94 T, P~~~ = 1 % 2 mw, 

The plasma parameter range expected for ATF was calculated wsirig 

the WHIST t ranspor t  code, modified fa r  stellarators [ I l l  artd bench- 

marked against Heliotron-E data. 
full electric-field-dependent, hel ica l  ripple transport  mn~del of 
Shaing and Haulberg; the Hinton-Hazeltine a x i q m e t r i c  (tokamak) 
neoclass ica l  contribution (times 2 f a r  x. and times 20 for x and U); 

and an empirical anomalous t ranspor t  term peaked a t  the edge f a r  x, 
and It) based on PnloidaJ. Divertax: Experiment (PDX) modeling {D, x ,  = 

lOOQ[l -+ 4(r/a) ] cm /SI. 
to determine the radial e lec t r ic  field self-consistently, 

into an H' plasm are shown i n  Figs. 28 and 29, 

density <n> = 1.9 x 

Ti(0) = 4 keV a t  B = 1 T (Fig. 28) ,  and a 3-MWI W 

= 1 - 3 8  and Ti(0) = 5 keV at z1 = 2 'r (Fig. 29). 
plasm case would be somewhat higher. Operation a t  3 T is better f u r  

2 high-beta studies bcause  confinement does not  sca le  as rapidly as 13 

and operation at 2 T i s  better for low-callisionality stiicriies hecause 

T. is higher a t  the higher f ie ld .  

The txansport calculafi ilns use the 

1 P 

2 2  The ambipolarity cmsiclitiun ri :> r 

The results of these ca lcu la t ions  for 50-kv tanyenLia1 w fn - j~e t ion  

1s used 
e 

0 

A t  a voli~mi~-ave~age 
0 a 4-Mw H beam would give (82 = 6% and 

0 

Results fa r  a 23" 

beam would give 

a. 
The sensitivity of the calhculated ATF ~ ~ T ~ O ~ P I I Z P P ~ C F E  t o  t - 1 ~  self- 

consistent radial e l ec t r i c  field is illustrated in 'H'ablc: VIIS. ~ h e s p  

time-dependent WHIST calculatians assume 3-MW tangential  13' RJBE in to  B 
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TABLE VIII 

Time-Dependent bIpI% ST Transport Calcalat ions 

.I.______ l_l ...... _I_l_-l_a_ 

1 3  1.1 x 117 l3 1.1. x POI3 4.1. x 10 l3 4 . 1  x 10 -3  In i t i a l  <n a n  e 

-3 
n,(O!: 

<ne> ' cm -3 

._._ -3 (ab n cn 
e' 

a, kV 

1 2 1 2 

8 . 3 s  12.3 -1.22 -1.69 

2.53 9.66 0.53 0.96 

1.63 5 - 2 4  0.38 0.58 

2.75 4 - 0 0  0.60 1.05 

1.86 2 c '76 0.42 0.53 

5.08 2 * 2 2  1.89 0.71 

1.96 1.26 1*49 0.55 

(a )  line-average density 



For low initial density, the density rises due to b a n  

e positive potential (outward radial electric 

ops, reaeh.ing a value @,4 - 3.  The density profile is 
peaked [ne[ O ) / < ,  - 21, and high tepra t .u res  and high beta values 
with a siynificant fast-ion cctmponent are obtained. 
initial density, the density rises less [ne(0) ~ ~ ~ r ~ ~ i ~ t e l ~  the 

develops, r ~ a ~ ~ ~ n ~  a value @/q - -1. The density profile is broad [Se 
close to n (011, and t he  plasm temperatures and beta are considerably 
1mer I 

For higher 

1 ,  and a negative potential (inward radial electric field) 

e 

The calculated ATF performance is only suggestive, since the 
radial electric field and its effect on transport are unknownI as are 
anomalies in canfinerment, details of the edge transport, and impurity 
radiation losses. 

program, and a heavy-isn beam probe will. be installed to map the 
potential QWF two-thirds of the plasma cross section [SI]. 

expe r imntal de 
Wendelstein VI1 . 'These experiments show that is near neaclas- 
sical values in the plasm core, although it is anomalously high in 
the edge region ( xe  - in Wendelstein VII-A) , and that xi is 
near neoclassical values. Recent experiments an ndelstein VII-A 

[SO] suggest that  xi m y  even be much less than the Hintan-Hazeltine 
t r i c  neoclassical values due to large radial electric fields 

(-6-kv potential) praduced by fast-ion losses. 

In fact, this determination is part of the ATF base 

The WXST transport madel m y  be tarot pessimistic, given the 

minations of $ and xi from Heliotron-E and 

Plasma currents driven by different mechanisms related to 
ilibrim (Shafrmov s h i f t ,  Pfirsch-Schluter current) and transport 
ststrap current, beam-driven current) m y  also affect the ATF 

These currents can range up to -48 kA, sufficient to 

increase *(S) to -1, and must be campmated by changes i n  the VF coil 

currents or by using balanced ( C Q  plus counter) ATBI. Large net plasma 

eansrents can also lead t~ increased transport in stellaratsrs [17]. 

central beka (1-86 

ce. 

The ne t  eqtrilibri current varies approximately linearly with 
far  each percent beta at E3 = 1 T) up to p(0)  1: 

% and as @(O)','~ at higher beta,  he cawnsating current in the 
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3id-W coils t a  maintain + ( 0 )  constant as beta increases is show= in 

Pig.  24. 
surface, with a m a x i m  current density j = -(r/H)(c/Bp)(dp/dr) - 
5 k%,h for typical. ATF parmeters. The bootstrap currelit density, 

j, = $ . 3 ( r / ~ i ' / ~ ( c , ~ ~ i  Icip/dr) (t+/rn~ I integrates to -100 A f o r  typical 

ATF parmeters and can also be neglected. However, n e ~ t ~ a l - b t ~ t ~  

dr iven currents can be large (<40 I k ~ )  [521, depending on beam 

momentLmi n 

compensated. 

The Pfirsch-Schlijter current is zero inkgrated over a flux 

PS 2 

Te, toroidal damping due to ripple, e t c .  I and must be 
e' 

1IE.E. Plasma Heating Physics 

Mu1timegawat.t pl acsm heating is rewired i n  currentless plasm 
operation for the RTF t o  fulfill its mission. 

provided by ECH, 

hecause a plasma current is not required far good confinement OK 
heating in a stellarator and would lead t o  increased transport and 
additional MED instabilities. A t o t a l  of 12 V - s  is available in the 

klF and VF coi l  sets, so a 4,8% change in the HIF" coil currents is 

sufficient to dr ive  a plasm current 02 40 kA at 1 T, whish then 

decays with a time constant of approximately 0.3 s .  

level of plasma current would produce relatively l i t t l e  plasm heating 

(t0.1 PIlN) and would increase the rotational transEorrn to  1 in the 
plasm interior, producing an unsatisfactory magnetic configuration. 

Compensation far the  increased interior transform would require W 

coil currents similar t o  those in the hottom rows o f  Table VI1 to 

lower the central traiisforrn 01: addition of TF co i l s  t o  Power the 

overall trans€orm 1 eve1 . 

the ATF plasma by providing a moderate-density (ne - lOI3 
maderate-temperature ( T  < 1 kev), current-free target plasm E s z  NBI 

or 1ct11. S t e a d y s t a t e  ECH, a t  sufficient powe~, would also pLovide an 

independent control, on electron temperature (and electric field) for 

confinement s tud ie s  of steady-state plasmas. 

will be used, with an upgrade to 0.4  PW in 1988. 

This  heating will be 

and ICW. The ATF does not have an 0 

H ~ w w ~ K ,  this 

---1_ Electron Cyclotron . Heating, . . - I ECH will permit currentless startup Of 

e -  

Initially 0.2, PW o f  E a  
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The best match for the ATF needs is ECN[ at 53.2 GHz. The cutoff 
for @mode ) , and this frequency can density is high (3.5 x 10 l3 

be used for pulsed operation in 0-mode at fundamental resonance 

(1.9 T )  and for steady-state operation in X-mode at second harmonic 

resonance (0,95 T) and possibly at third harmonic resonance (0.53 a ) .  
The high-field fundamental heating is most useful for: the low- 
collisionality transport studies, and the low-field second and third 
harmonic heating is most useful. for the high-beta studies. 
harmonic ECH is efficient for currentless plasma formation and heating 

to Te = 1-2 keV an Heliotron-E [53] and Wendelstein VII-A [ 5 4 ] .  Third 

harmonic ECH is not useful for plasma formation or heating of cold 
plasma but may be effective for plasma heating if 184Hz ECW ( E  53,2 

GHz/3) is used first to preionize and preheat the plasma. 

Second 

Neutral Beam Injection. The main plasma heating power for ATE' 
will be pravided by three neutral beam lines, each delivering up to 

1.5 MW at 40 to 50 kV for 0.3-s pulses [55] .  The large outside ports 

provide tangential injection access for a 22-cm-dim beam. 

NBI has been chosen because the 2.5-rn beam path length in the plasma 

allows low-density operation and because the small angle to the field 
(Iyr/vI 2 0.9) ensures that the energetic injected ions are far from 
the orbit loss region at small v,,/v. 
coinjection direction (parallel to the toroidal component of the HF 
coil current, or opposite to the toroidal field for ATF's left-handed 

helical coils) and one in the opposite (counterinjection) direction. 

This arrangement allows control of beam-induced toroidal momentum and 

plasma current. 

high plasma density since the beam path length would be (0.75 n. 

a wide range of density and magnetic field, the energy deposition 
profile can be calculated, it can provide momentum input for impurity 
control, and it does not introduce impurities or primarily perpendic- 

ularly heated ions in the plasma. Disadvantages are the introduction 

of a large hydrogen source rate in the plasma (and consequent need to 
control the plasma density) and a toroidally driven current (which 

must be compensated to avoid modificatian of the rotational transform 
profile) . 

Tangential 

rtao injectors will be aimed in the 

Near-perpendicular injection would limit operation to 

Neutral beam heating has several advantages: it is effective over 
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ion Cyclotron _ _ _ _  . I. Kaating. ICE1 power is avail able i n  t w  frequency 

ranges for us2 on ATF: (1) 0 . 4  a t  5 -30 ~WA cw and ( 2 )  1.5 MJ*C ~t 
40-80 PHz, nominally up to  30-5 pulses. IJrrless OH s tar tup (and s u b  

sequent plasma current  rmpdown) OF wiw ICTI s tar tup is  used, the iCH 

frewe~lcics for RTF are t ied t.0 the 53.2-GHz ECH f ~ e q - ~ ~ ~ i ;  through IOig 

ms1tipies of thc ion-tn-electron mss ratio.  Ilowzver, t h i s  s t i l l  

a1 1 ows a la rge  nunher of heating frequencies through combinations of 

H, 3, and He operation; frmdcmental and second harmonic heating; 

and operation a t  B = 1-9 %, 0.95 'F, and possibly 0.63 T (with ad-  

d i t i o n a l  18 GHz E M ) .  

A variety of ICK mechanisms can be used for  bulk ioan heating, 

Fdst-741ve heating ( e i t h e r  minority species or second harmonic) can be 

used with H 

spuci es  and second harmonic lieatirrg have bcen demonstrated 31'1 

Beliotron-E [ 56 3 ,  atid fmdmmtdl proton heating has been demonstrated 

(-XI i-3 1571. 

at thc  t h i rd  cyclotron hsrrnoilic or lijgher frequency, 

h a w  the advantages of d i rec t  inn heating, i-ln driven LoroidaP cur- 

rentsp no hydrogen feed to the p1-a~n-a~ and available l?ard%ei~ but klie 

disadvantages sf inainly perpmdicdar  heating, sensi t ivi ty  to p l a s n - ~  

shape, and the need far  high-powr antemrds t h a t  can he close to  the 

p l a s m ,  which m i s t  be developed for  this appl icat ion.  

3 

-+ I- or  I) plasmas a t  B = 0.35 T or Ea = 1.9 'i'. Minority- 

Another possjbjl-ity is ion i k r n s t e l n  wave heating [58]  

'i'hese options 

I L I. E . Energy and Particle Rt3mcJval 

pili impartant element s E  i-he ATF mission is the development of 

pfffective rLethads fo r  energy and p a r t i c l e  (especially impurity) 

removal at high edge power dens i t i e s ,  which is essenCial €or steacly- 

staLe operation, Failure  t s  do t h i s  could l e d  t u  u n r o n t i d l e d  

denlsity increases and the accwnulatjon of i q u i t i e s  i n  Lhe plasm 

i n t e r i o r ,  resu l t ing  i n  largP m d j a t i s n  losses and the possible col- 

l a p e  of the plasma stored energy (as  observed i n  Wenaddstein VIE A 

experimnts  [ 5'1 1 ) . 
E I E ~ ~ L P  R~!Iovz&. P o ~ * F ~  w i l l  be I O S ~  C L U ~ T I  the ATF' pla~rm i n  tiqo 

vays: (I) i n  a more or less uniform illurnitnaLion of t I i ~  vacueun vessel 

wall Lrom charge exchanp and rad ia t ion  and ( 2 )  i n  localized areas 



from energetic and therm1 particle losses. Charge exchange and 
radiation, asswing tha t  -30% of the ingut power is lost in this 

mmer, would lead to relatively low wall power densities, ranging 
L from -1.2 w/cm per megawatt of heating power under the  HF coils. t o  

half that a t  the port locations. This power less (corresponding to 
60 MJ fo r  100  discharges with 4-P'.IFT, 0.5-s NEjl pxlsas or  0.4-W, 5-s 

ICH pulses) would resxl'c in a 60 C rise in the vaciim vassel 

temperature [ 6 0 ] .  

neutral beam impacts near ~e entrance port or on the fa r  wall. afker 

the beam passes through the plasm. 

optimum bean injection direction was determined [6l] by calculating 
the beam deposition in the plasmap on aperturesl and on the  vawm 

vessel using an accurate model for the beam line geoaetrry, the ATF 

vacuum vessel, and the 3-D mgnetic f i e l d .  

mdeled by Gaussians ta f i t  the pDwer profile rnessured 0x1 a beam test 
stand, and the plasm is assumed to have parabolic density and temper- 

a tu re  p r o f i l e s .  

beam dizlneter must be cmsiderably smaller because of the tangential 

injection direction and the complex shape of the  vacua?? vessel wall. 

These calculations [61] show t h a t  t he  best results are obtained 

Q 

This is discussed in nore detail i n  See. IV.C, 

Vacuum vessel heating and wall sputtering can a l s o  resalt fron 

To reduce these effects, the 

The beam profile is 

Althov,gh the injection part is quite large, the 

for a bean centerline tangency radius 3 = 1.97 m, j u s t  inside the 

mah~"?e"cic axis radius ( a  = 2 . 1  rn). 

the cuten: port  location, nearly optimi for delivering the m x i m  
power to the plasma. 
2 
plasrra, 4% st r ikes  the vacuum vesse l ,  and a smll mount hits outside 

the vessel port. 

through) neutrals h i t  the far  wall, wattenuated bean neutrals hit the 

helical coil i n d e n t a t i m  on the lower right side. 

density is highest (>200 H/cm 1 j u s t  inside t h e  port ,  where the cut 
for the EIF coil is made. 

decreasits exponentially with Gee' and is spread m e r  a larger area. 

Since the calculated. local wall heatiag aiie sputtering rates exceed 

Ithe $iTF design values,  an adjvstable (20- t o  25-cz-dim) besjrrdefinincj 

The bem is focused j u s t  outside 

With no aperture i n  the beam line and 

, ~ 9 3 %  of the neutral beam power is deposited in the 

= 

Figare 30 shows that while attenuated ( b e m  shine- 

The wall power 
2 

The beaq shine-through lcss is smbler, 
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aperture will be placed 0.6 rn outside the port (or  3.5 m from the ion 

source). 
p w e r  is deposited in the plasma and a negligible amount on the vacuum 
vessel wall. 

With the aperture set. at a 22-crn diameter, 82% of the beam 

Energetic ion Losses will occur in helical stripe patterns 8111 the 
0 small majar radius side between 9 = 6 

vessel wall is properly s h a p d  (as in Figs. 2 and 3 )  1421 or unless 
these orbits, which range outside the last closed f lux surface, are 
intercepted on protective top and bottom limiters. 

he used in ATF to protect the walls from excessive energetic particle 

flw . 

and 4 = 2.4' unless the vacuum 

Both measures will 

Computer calculations of magnetic field lines and thermal ion 

orbits, as well as experimental observations, indicate that the heat 
and particle fluxes will not be distributed uniformly over the plasm 
surface but will be concentrated in certain areas (like the "divertor 

tracesst [ 6 2 ]  in Heliotron-E). This is illustrated far ATF in Fig. 31, 

which shaws field lines and l-kev protons for launch points 2 em 
outside the last closed flux surface. These areas of concentrated 
flux are natural locations for heat and particle removal. 
and particle f lux patterns will be studied experimentally during the 

early phase of ATF operation and before that in Heliotron-E. 
limiters/divertors matched to these patterns will then be designed to 
optimize energy and particle removal. 

of the magnetic field in ATF might allow an exhaust efficiency an the 

order of lo%, similar to that obtained. with pump limiters i n  the  
Impurity Study Experiment (ISX-€3) tok 

The enerw 

Pump 

The divertor-like configuration 

Particle Removal. The plasma will ?.E fueled by gas puffing, by 

injection of fast ( - l - k m , s )  hydrogen or deuterium pellets, and by 

accumulation of injected beam paxticles. 
density <ne> = 4 x cmm3 and a particle confinement time T = 

0.05 s I  the total particle outflux is 3 x 10 21 s-I. 
exhaust efficiency of: IO!% (e .g . ,  90% recycling at the walls in pulsed 

operation or 10% collection efficiency with pump limiters in steady- 
state operation), the exhaust rate of 3 x 10 2o s-l can be balanced by 

5 TorreL/s of gas fueling, by 1.4 mv of 46-kv NBI, or by 1- 
pellets injected every 100 ms. 

For a volme-average phSm2I 

P 
&swing an 
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With a pump limiter/divertor structure matched to the particle 

flow pattern, it is assumed that the pressure rise that can be 
achieved in the pump limiter/divertor is similar to that obtained in 
tokamaks, that is, on the order of Torr. For an exhaust rate of 

5 Torr*L/s, this would require a pumping speed of 5000 L/s, which 
appears feasible with various pumping schemes. 

An important parameter for the design of a particle removal system 

is the connection length, the total path length of a field line after 

it crosses the last closed flux surface until it hits the wall. For 

ATF, calculations of field lines indicate that within the first few 
centimeters outside the last closed flux surface (at Z = 0,39 m), 
connection lengths correspond to several toroidal transits, as illus- 

trated in Fig. 32. The connection length at 'z, = 0 - 4 9  m, 10 cm into 
the scrapeoff layer, is -40 m p  corresponding to three 13-m toroidal 

transits. 
or poloidal locatian may be sufficient to intercept the total dif- 
fusive particle and energy flux crossing the plasma boundary. 

This indicates that a pump limiter/divertor at one toroidal 

Impurity Control. Light and heavy impurities are generated by the 

impact of energetic and thermal particles an in-vessel components. 
The impurity level in ATF will be controlled with a pump limiter/ 
divertor for removal of gaseous impurities at the plasma edge in combi- 

nation with reduction of the impurity saurce rate and reductian of 
the impurity confinement time. 
most impact on operating practice and relatively little impact on 

device design. 

These impurity control measures have 

The impurity source rate can be reduced in a variety of ways: 
(1) conditioning the walls to control light impurities (oxygen, 
carbon), ( 2 )  reducing energetic particle bombardment of the wall 
through tangential NBI and shaping of the vacuum vessel wall, ( 3 )  

reducing thermal particle and charge-exchange bombardment of the wall 
by using pellet injection and pump limiters to reduce edge recycling, 

and ( 4 )  choosing low-Z materials and coatings for in-vessel compo- 
nents. Of these techniques, tangential x\TBI and the shaped vacuum 

vessel wall have had the most impact on design of the ATP. 
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F i g .  32. Connection length vs  the launch height Z a b v e  the 
0 axis  i n  the Q, -p 0 plane. 

0.39  rn, and 13 m corresponds to one toroidal transit. 

The last ''dosed'' f l u x  surface is at 2 = 
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The impurity confinement time (and hence density) can be reduced 
through plasm edge control (which affects the global impurity con- 

finement time) and through increase of impurity transport from the 
plasma core. 
(1 1 gas puffing, ( 2 )  edge heating (with ECH or ICH) , and ( 3 )  psi- 
timing of the t = 1 surface at the plasma edge. 

cio-injected and counter-injected neutral beams, (2) radial and 
Kploidal electric fields, and ( 3 )  cyclic variation of the internal 
magnetic field structure, illustrated in Fig. 33. In this last 
technique, the ‘c*F coil currents are varied so as to cyclically prduce 
and remove a bifurcated magnetic axis in the plasma interior. 
oscillations, similar t o  sawteetk in tokamaks, might spoil the central 
confinement time without spoiling the exterior magnetic geometry. 

The plasma edge properties can be modified through 

Impurity transport 
the plasm core can be modified through (1) moment 

These 

Figures 1-3 show the main ATF companents: two segmented, jointed 
HF crdls; three pairs of PF coils, designated the inner, outer, and 

mid-W coils; a thin, helically contoured vacuum vessel closely 
conforming to the HF coils; 

port the magnetic loads from the coils. 
nents follow in Secs. 1V.A-1V.D. 

and an exterior shell structure to s u p  

Descriptions of these campo- 

A vacuum vessel interior t o  the HF coils, rather than one enclos- 
ing the HF coils, was chosen for AT?? to ensure vacuum quality and to 

eliminate the problems associated with handling the magnetic loads and 
coil feeds through the vacuum vessel. 
captured within the helical coils, it was decided to fabricate and 
install the major device components in parallel, as much as possible, 
in order to shorten the construction period for ATF. Other torsatron 
and stellarator coils have been successfully constructed by carefully 
winding hollow copper conductor onto the vacuum vessel [SI, but this 
puts the manufacturing steps in series, requires the completion of a 
high-precision vacuum vessel before any winding can begin, and 
requires a thicker vacuum vessel to support the WF coil forces. 

Since the vacuum vessel is 
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internal separatrix can he created and removed without major a f f ec t  on 

exterior flux surfaces. 
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Parallel fabrication permits a single-piece vacuum vessel that must 
suppart only atmospheric and small. eddy current loads, but it neces- 
sitates segmented HF coils with joints. 

A high degree of accuracy is required in t.he fabrication and 
assembly of ATF because low-order resonant field errors of the form 

a8p = E: cas(m0 - n+) can cause formation of large magnetic islands 
and destruction of flux surfaces for E 2 Figure 34 shows the 
effects on the ATF flux surfaces of an rn 22: 2 ,  n 
HF coil winding. 
9.5 (q = 2 )  surface and is thus the most dangerous. Random errors OK 

those with a high-order resonance are much less detrimental (devi- 

ations of -1 cm can be tolerated), and errors that are the same 

in every field period merely represent an acceptably small change in 

the coil winding law. 

Potential sources of field errors include inaccuracies in con- 
struction of the HF coil segments, misalignments in the W coil sets or 
in the HF coils, coil current feeds, large nonuniformities in the 
magnetic permeability of the stainless steel components (the T-shaped 
structural supports for the HF coil segments or the structural shell), 

and large pieces of iron near the ATF (reinforcing bars in the floor 

or support platform, magnetic shielding for diagnostics, neutral beam 
line bending magnets, iron support platforms, etc,). 
the device and the facility, care has been taken to minimize these 

sources of errorr as discussed in Sec. 1V.E. 

1 distortion of the 
This type of field error is resonant with the -t. = 

In the design of 

1V.A. Helical Field Coils 

The HF coil set [64] consists of a pair of coils that form an 

M = 12, R = 2 constant-pitch torsatron with the design parameters 
shorn in Table IX. 
actual center of the current path is within 1 mm of the theoretical 
current path. TO allow for parallel fabrication, the coils are being 
manufactured as a set of 24 identical upper andl lower segments, 12 per 
coil, with joints in the horizontal midplane, as shown in Fig. 35. 
Parts for the HF coil segments are being fabricated by CB1 Services, 

Ime,, and assembled at O W L .  
sembly [ 6 5 ]  to form the continuous helical coils. 

The HF coils are being constructed SQ that the 

The segments are joined at device as- 
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TABLE IX 

ATF Coil Characteristics 

Outer VF coil l-.l_.l____ BF Inner Mid-VF 

coil VF coil coil Main Trim 

Radius, m 2.1 1.33 1.69 2.94 2.94 

Z f  rn 

Weight , ( a )  tames 16 I 37 0.795 2.1.2 2.29 x 2 2.29 

er of turns 1 4  16 24 3 x 2  15 

- +0.20 - +0.85 - +(0.47, 0.76) I +0.64 --- 

Conductor height., c m  2.86 3.63 4.45 6.35 4.45 

Conductor width, crn 14.0 2.22 2.54 4.45 2.54 

Hole diameter, cm 0.92 x 2 1.35 1.59 2.54 1.59 

Conductor area, cm 37.3 6.63 9.32 23.2 9.32 

Resistance(a) R,  m8 2.45 3 .86  4.95 (included 5.35 

L,  mH: 2.36 1.95 4.35 i n  H F )  4.05 

Lflf 5 1.04 0.53. 0.88 0.76 

coil, MA turns 1.75 0.263 0. 306(b) 0 375 0.159 

N a x i m  current per 

Maximum current 
turn, ka 125 16.4 12.8 12 5/2 10.6 

density j, @/cm 3.35 2.47 1.37 2.69 1 .14  

Water f l o w  rate 

per coil set ,  L/min 17,800 490 956 2010 380 

er of cooling 

paths per coil set 480 8 12 8 6 

(a)Values par coil. 
(b)Due to force constraints, the mid-VF coil current is restricted to 

for B 2 1.6 T and to 0.17 PIA at B = 2 T. 
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A cross section of an HF coil segment is shorn in Fig. 3 6 .  Each 
segment consists of 14 copper conductors wrapped with Kapton tape and 

separated by fiberglass and G 1 0  insulation, bolted to a T-shaped 

stainless steel structural support member, and vacuum-impregnated with 
2 epoxy. 

results from the need to match existing power supplies, to have 

state joints in the HF coils, and to have steady-state cooling 
for the HF coil se nts. The "corners" of the HF coil cross section 

The large cross section (and the current density j < 3 IcA/cm ) 

Eered to allow adeqate distance between the plasma edge and 
This constraint requires the iniiear turns to the vacuum vessel wall. 

be slightly thicker, narrower, and clamped by three rather than by 
four bolts. 

The assembly [66] of the HF coil s e pnt is illustrated in Fig. 37.  

The conductors are made by machining f l a t  developments from CDA 102 
copper plate, brazing a cooling water the into a milled groove, and 

bending the plate with rollers to the approximate shape. 

complete set of conductors is clamped into a precision fixture and 
annealed to achieve the final farm tolerance. The stainless steel 
T-piece is cast to shape to €it in its tolerance window and is then 
machined to provide accurate location points for mounting the conductors 

epoxy resin. 

secpent 

Then a 

ling the coil. Fallowing assembly, the segment is potted in 
Figure 38 is a cutaway view of a completed MF coil 

A patted BF coil segment has been disassembled and repotted twice 
in the prototyp development program by taking advantage of a dif- 
ferential de-encapsulation process [671  that separates the epoxy from 
the copper bars without softening the epoxy. 

examination of the effectiveness of the potting procedure and repair 

of a coil segment if necessary. 
table joint, which must meet the requirements for both 

This process allo~s 

pulsed steady-state operation [68,69], is a critical design 

feature. These requirements are operation €or 1,000 8-h t'pulses'' at 
1 T, with the joint temperature rise limited to 100°C, anc3 a dis- 

tribution of 60,000 5-s pulses (10,000 at 2 T; 15,000 at 1.5 "It"; 
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Fig. 37 .  The HF coil. se ly procedure, showing (a )  the 
flat development of a coppec turn, ( b )  the  Tormed and drilled turn,  

( c )  the cast stainless steel structural T-piece, (d) a conductor 

positioned on the T-piece, and ( e )  a completed segment impregnated 
W i t h  epoxy. 



Fig. 38.  (ht.away view of a completed :-iF co i l  segniealt. 
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25,006, at 1 T; and 10,000 in helical-axis made at 1'11) that defines 
joint fatigue lifetime. 

The selected joint concept (Fig. 39) is a simple lap geometry for 
nt stack. Critical each turn with bolts through the entire se 

features of this joint include (1) f l a t  contact surfaces, ( 2 )  adjust- 

able wedge insulators to provide assembly clearance and prevent. 
tolerance buildup dub t o  thickness variations in the supper tabs, 

tch-reamed bushing and wedge insulators for good load transfer 
to the through-bolts to prevent slipping of contact surfaces, and 

( 4 )  high-strength Inconel 718 studs with a centerless gratmd coating 
of fiberglass epoxy for extra insulation and tight fit. The current 

density for the imer turns is 6.9 kA/cm 
2.7 &/can 

2 in the joint t ab  and 
2 in the  contact area at B = 2 T. 

The lap joint is composed of a half-lap machined tab at the end of 

each turn of a coil segment that mtes with corresponding half-laps 

when upper and lower segments are joined during the HF coil assembly 

process, 

ductor i s  still in a f l a t  development stage. 

The tabs on each turn are machined while the capper con- 
Each tab's position in 

nt stack, including the holes €or the joint through-hlts, is 

precisely controlled using tooling fixtures at the initial forming 
stage and again during se 

penalty for 

in the joint tabs or contact regions. 

nt. assembly. This approach reduces the 
chining errors a d  provides the maximum amount of copper 

The through-bolts are a sliding fit to match honed G11CR bushings 
in each joint tab hole. 
t h e  G I 0  used elsewhere in the HE' coil segment, is used in the joint 

The ct~mposite material G l l C E i ,  rather than 

cause o f  its higher compressive strength and its better prop- 

erties at the higher temperatures occurring at this locatian. 
bolts are actually studs that engage a floating nut plate located at 

the innernask turn joint. 
seanlnred by a nut applied to the outer end of the stack to provide 

joint cantact pressure. 

and 39 (see also Fig. 4 4 ) .  
based on optical ali 

The 

The studs are tensioned and the load is 

The joint is made up during HE' coil assembly, as shown in Figs, 35 

F coil joints is Field assembly of the 

nt to a particular joint feature on each 
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Fig. 39. Cross sec t ion  of HF coi l  i n  j o i n t  region. The insula- 

t i n g  wedges are arranged for  a current crossover connection. 
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nt end. Joint tab misaligments (nonparallel surfaces) are 

corrected by asse ly forces as the upper and lawer segments are 

engaged. 
verify this behavior. As the coil segments are engaged, tapered 

G-B.1CR insulating wedges installed between turns are actuated to fill 
the gap and provide a solid block for through-bolt load transfer to 

each turn. 

Tests of actual joint ends have been conducted [So] and 

The joint connections on the inside o f  the torus (small 
radius side) simply transfer the current across the joint to the same 
layer of conductor, while the joint connections on the outside of the 
torus (large major radius side) are current crossovers that transfer 
the curren t  from layer to layer, thereby putting a l l  turns in a 
helical winding in series, 
the conductor tab an which the insulating G11cJR wedge is located. 

The current feeds to the two HF c o i l s  occur at two outer adjacent 
joints on each coil that are located 60" apart toroidally. 

The type of joint depends on the side of 

The 

gnetic field perturbations associated with the current feeds are 

ized s ince  these feeds carry only one-fourteenth of the total MF 
coi l  current and the 60' toroidal connections occur 4 rn below the 
joint. 

preserve symmetry. 

Shunts are used at the eight remaining outer joints to 

Tests an joint specimens 1691 and related calculations have been 
de to v e r i f y  joint capability and operating margin for steady-state 

aperation at 1 T and 5-s pulsed operatian at 2 T. Tests of joint 

resistances through the stack showed t ha t  all joints had a measured 
resistance of 1 p a  or less. 
cooling for all joint configurations and hot-spot temperatures below 
the I-T s teadys ta te  limit of IOOOC. 

Therml-electric tests show adequate 

Calculations of the expected nunber of cycles to failure I681 show 
more than a factor of 10 margin over the ATF operating requiremnts at 
2 T. The predicted number of life cycles (including a factor of 10 

rgFn) from stress analysis is 14,000 at B = 2 T (vs the 
required 16,080 pulses). The actual fatigue lifetime should be 

considerably higher, since stress redistribution within each turn is 
not included in the analysis and the fatigue testing measurements gave 
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1v.e. va vessel. 
The vamm vessel [60,71], shorn in Fig. 40, is a thin-walled 

) t  304L stainless steel torus with a circular cross section 
( f i .  = 2.1 m, a J 0.58 m) and with a helical indentation, the cross 
section of which closely matches the inner bore and sidewall of the MP 

ximize the plasm-wall se ration. The plas 

aration varies over the vacuum vesse interior, with t 

tance (-10 cm) occurring under the HP coil earners, particularly on 
jor radius side. In addition, there are straight sides in 

the region above and below the HF coil joints to allow clearance for 

vertical installation of the HF coil segments.. 
1-em gap between the outside of the vacuum vessel and the HF coils to 

allow access to the HF coil joint region and room for a 6- 
expansion QE the vacuum vessel *en it is heated to EO*G (by 24~47, 
2.451eHz cw E a  discharge cleaning or by inductive heating). 

s h m  in Pigs. 2 and 3 .  The interior dimensions ~ m i ~ i ~ ~ ~  are 

roughly 1.16 by 0.65 m. 
interior surface area is 62.6 m 
outer ports (0.9 by 0.6 m) allow tangential NEII access for a 22-m- 
d i m  beam. Square parts (0.35 by 0 . 3 5  m) were chosen for the 12 top 
and 12 bott~m ports instead of the alternative 0.4-m-dim round ports 
hcause  the 5 

toroidally along the port diagonals. 
d i m  imer prcts is limited to 15 cm by the imer VF coil sup 

stmcture;, 

There is a n 

Cross sections of the vacuum vessel at + = 0' and + -- 15' are 

3 me vacuum vessel volume is 10.5 rn , and the 
2 The 2.2 large parallelogrmsha 

re parts permit 0.5-rn diagnostic access radially 

Vertical access to the 12 0.2-m- 

The vaieum vessel [71] is being fabricated by Pittsbrgh-Des 

Moines Carp. from abut 1200 small sections of stainless steel. plate, 

which are E;haped to the required €it on a precision farming fixtuza 

that forms an internal mold of the vessel contour. 

fixture consists of 360 steel plates, one each degree toroidally, 
 he forming 

the shape of the vacuum vessel cross section at that location, 
These plates are mounted on a high-precision base plate ta ensure 

dimensional integrity during fabrication and removed through the 
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Fig .  40. View of ATF vacuum vessel showing the helical groove 

fa r  the k3P co i l  segmentsz the I-arge (0.6- 1-y 0.9-m) outside ports, the 

square (0.35- by 0.35-m) top and bott,om ports, anad the sml.1 (0.2--m-- 

d i m )  inside ports. 
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outside parts after the vac~um vessel is completed. 
section of the vacuum vessel is formed on a hydraulic press to its 

Each small plate 

lex curved shape, individually fitted, and tack we1 

nesgi-bors. Full-penetration welding of the completed vacuum vessel 
both outside and inside using Inconel filler rod will minimize 

Cpetic permeability. 

Because the vessel carries only atmospheric pressure and a slight 

(13.3-ab) induced electram etic load, the wall is only 6.4 mm thick. 

This  provides sufficient to idal  resistance (0.5 ma) to avoid the 
need for bellows 01: insulating breaks and gives a 10 
for penetrationn,af the poloidal fields that m y  be needed to shift the 

mgnetic axis, cont~ol the plasm shape, or induce a plasma current. 
The temperature response of the mcaoled vacuum vessel has been 

time constant 

studied [60] using a 3-1) heat diffusion model with natural and foreed- 

a i r  convection outside the vessel for t.wo extreme cases: (1) concen- 

trated heat deposition in a 3.8-c~-wide helical strip at I: = 0.59 m 
(between helical troughs), which might occur in divertor-like 

behavior, and ( 2 )  uniform heat deposition over the vacuum wall, which 
might result from radiative or charge-exchange losses from the plasm. 

For the concentrated heat deposition case, local heating to 15OoC 
occurs for 1.5-Ks total deposition (140 W/m for 0.5 s ) ,  but the 
vessel esols down sufficiently through heat redistribution to allow a 
lO-rnin repetition rate. 

used to  prevent deposition of high plasm heat flux an the vessel 
wall. F Q ~  the uniform heat deposition case, the vacuum vessel heats 
t o  15CsQC €or 150-Ks total deposition, after which it 
for a long time ( -8  hours for forced-air convection or -24 hours for 

natural  convection over the vacuum vessel). Although initially there 

w i l l  be no active cooling, space is provided inside the vacuum vessel 

for water-code panels that would permit high-duty-cycle CK 

continuous ope ration. 

2 

Retractable top and bottom limiters will be- 

Clean vacuum conditions will be produced through conditioning of 
the walls, metallic seals, and adequate pumping sped. Conditioning 

to control light i rities, such as oxygen and carbon, will be done 
with 2--kW+. 2.45-GHz cw ECW discharge cleaning, glow discharge cleaning, 
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and vamm vessel bakeout with induction heating at 60 EIz using a 

10Q--kVA trans€ormcr cont~ected Lo the  HF windings. 

the part flanges permit temperatures of up to 150 C for discharge 

cleaning and initial operation. The top,  bottom, and inside ports use 

knife-edge flanges on f la t ,  copper gaskets, and the outer por ts  USE a 

special alminim-jacketed ~Ielicoflex metal seal. 

tueboinolecular pumps w i l l  be mounted at the end of a duct 0.6 n in 

diameter by 2.5 m long, so tha t  the stray field at the pumps will be 

acceptably low ( i 1 S  G ) .  

Metallic seals on 
8 

Three 20OQ-L/s 

FL-iiLe e l ~ m m t  structilral analysis studies [ 7 l ]  for the ATF vamm 

vessel were clonc for s ta t ic  load conditions (gravi ty ,  vacuum, and 

temperature loads) to cheek the adequacy of a 6-m-thick wall. 

r e c t o r  of the vacue~~\~. vessel was modeled, as shown in Fig.  4 1 ,  usimg 

P P A m  [72] as a pre- and past-processor with IMSC/NXXRW [ 7 3 ] .  

'The po r t s  and f langes tend t o  support the vacuum ~ e s s e l  wall.. 
mxinvm principal. stresses axe 91.7 fQz (13,300 psi) in a localized 

arca a t  the  base of the scpaL-e ports ,  and the maximum deflection j s 

about 1 mil near the base of the outer porL. 
region is 55.3. MPa (8000 p s i ) ,  d o s e  to t h a t  found with a simpler 

m d e h  (withoil'l ports) that used cyclic symmetry to establish consistent 

huildary conditions w i t h  MSC/IIX~TPJW. 

priricipa? stress of 55.8 MPa (8100 psi). A buckling analysis with 

vsctrim loads predicted buckling at 11.5 times the actual vacuum load. 

A 30' 

The 

The s t r e s s  in the tnrau$ 

This analysis gave a maximmi 

i v . 1 ) -  Support StLbCti1i-e 

The m ~ h i r ~ ~  support structure is designed to posit ion the HF and 

VT co i l  sets accurately and suppore them against the  magnetic, ther- 

m l ,  and gravity farces. 

to therm1 and r i g m t i c  forces t h a t  lead t o  radially outwxd hoop 

lhsds and oveLturi-ring or side loads. These loads have k e n  calculated 
usiag the & U C  [ 7 4 j  and &%GFOP, I751 computer programs. Both radial 

and axial uorapnents o f  the force on the HF coils vary approximately 

sinusoidally aloiq an IIF coil p e r i d ,  as shorn in Fig, 42. The net 

radial force camponer:t i s  always radially outward (hoop f o rce )  and 

varies from 0.63 m3/m a t  t k  m t s i d e  to 1 % 3 9  m/m a t  the inside i n  

The pr inc ipa l  loads on the HF coils are due 
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Y 

z A- ' X  

Fig. 41. An outside view of 30' seqt@nt of the ATF vacuum 
vessel. generated w i t h  a finite element model used i n  the s t r e s s  

analysis calculations.  
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F i g .  42. Distribution along t-he c o i l  1errgt.h of ( a )  radj.aI and 

( b )  a x i a l  force coinplents on the  HF c o i l s  a t  A 72 2 T. The c~i i -ves  skew 

c . 1 ~  coiitr ibutions due t o  t h e  MF coilsi the V‘F coils, and the i r  sum. I- 1- 
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jor radius, reflecting a net centering force. The side (axial) 

nent of the force, which changes sign along the coil, is reduced 
considerably (by a factor of 6 )  by connecting the BF coil. and the main 
sections of the outer VF coils in series to ensure a minim net 

vertical field, Within the HF coil itself, the attractive force 

between the conductors and a torque about the coil center are both 
taken in the structural T-piece. 

coil segment farm a compressive load path to transfer the nonradial 

component of the magnetic forces on the conductors into the structural 

T-piece. 
radius direction through the use of rubber "crush planes.4' 

expansion manifests itself primarily as hoop tension in the copper 

conductors. 

The epoxy and fiberglass of the NF 

The copper conductors are allowed to expand in the minor 

This radial 

The BF coil support structure is an external toroidal shell, 

fabricated by Westinghouse Nuclear Components Division, csvsed of 

identical upper and lower toroidal shell segments, cast from stainless 
steel, and intermediate comecting panels. The shell components are 
bolted together, and the structural T-pieces are connected to the 

shell by studs and adjustable structural ties. The top and bottom 
s h e l l  segiwnts are 4 cm. thick and have an inside radius of 0.66 m. 
The flat, 5-cm-thick stainless steel vertical cannecting panels allow 

access to the inside and outside horizontal ports. The shell forms a 
compact structure that allows maximum access for diagnostics and 
neutral  beams. 

the HF coils through the use of adjustable tooling balls that pre- 
cisely locate the HF coil segments, as indicated in Fig. 3 .  As shown 

in Pig. 4 3 ,  the shell segments are joined at insulated, bolted flanges 
to prevent circulating eddy currents. 

The lower half also serves as an assembly fixture for 

When the HF coil set is energized, the primary radial force is car- 
ried by the copper conductors. In an earlier design [15], the radial 

force was to be transmitted from the coil structural T-piece thraugh 
epoxy-filled bladders into the structural shell, where it would be 

carried in hoop and axial tension. 
the structural shell. The actual design retains the epoxy-filled 

bladders but allows for radial and longitudinal motion, so the HF 

This determined the thickness of 
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SHELL SEGMENT 

\ 

( b )  ( C )  

Fig. 43. The 4--@m--thi@k, seyiwnted shell support structure for  A'L'F. 

( a )  Top view., (b) Outside view. ( e )  Inside view. 



coils are only constrained axially (toroidally) in the shell. ~lae 

side or overturning moments are transmitted through special shear 

attachments into the shell and are carried as a torsional load between 

the upper and lower shell assemblies. 
The principal VF coil loads are a radial hoop force and a vertical 

farce of interaction between the HF and VE’ coils and between the \pF 

coils in a pair.  

coil showed that the shear stresses in the epoxy glass layers between 
coils greatly exceeded the ultimate stress of this material, so 
intercoil slip planes were incorporated into the  outer VF coil 

bundle. 
the nominal operating eonditions, not only at the coil-to-coil 

interfaces but possibly also between layers due to shear transfer 01: 
crack propagation within the coils. 

A finite element stress analysis of the  outer VF 

If the coils were bonded together, they would delaminate at 

The vacuum vessel weight is supported from the upper half of the 
shell on a s e t  of pinned supports that allow thermal. expansion in the 
radial direction. The entire device rests on 18 columns located under 
the shell segment flanges. 

1V.E. Accuracy in ATF Construction 

The need for high accuracy in fabrication and assemhly of the ATF 

conrponents, as discussed previously, and the desire for a rapid fabri- 
cation and assembly schedule have led to the development of some inno- 
vative techniques for ATF construction. 
obtained through use of a Sheffield Neasurement Division five-axis 
computerized coordinate measuring machine [ 7 6 ]  that can measure parts 

to an accuracy of +Q.O1 m in a volume of 2 rn x 1 rn x 1 m. 
been programmed to automatically measure a part and display out- 
of-tolerance points. 

computerized optical triangulation system (twin electronic 

theodolites) manufactured by Wild-Beerbrugg Instruments [ 7 7 ]  with an 
accuracy of I 4 . 0 2 5  mm at a distance o f  5 m, A computer program will 
determine the translations and rotation required to bring a part  

(e .g. ,  an HF segment) into alignment with an accuracy of I 4 . 2 5  m. 

Accuracy in the relative positioning o f  the current centers of the ATF 

ACCuraCy in fabrication is 

It has - 

Accuracy in assembly will be obtained using a 
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c o i l  s y s t e m  w i l l  i>e ensured using a f i e l d - n u l l  method developed for 

ATF i78]  and t ~ s t p d  i n  experiireiats on U m W - 3  [ 791. This method can 

determine c o i l  cuirent alignment errors ( s h i f t s ,  t i l t s )  t o  an acciiraq 

of +3 mil, - 

The s ' r ructural  er or backhnne for t h ~  HF coil scqmcnts is the 

s t a i d e s  step1 'T-shaped piece sl-iuwn i n  Fig. 1 7 1 ~ ) .  T h i s  he l i ca l  

piecP i s  2 m lanq,  4 . 4  cin 'chick, 32.2 cm wide, and 20 cn i n  rad ia l  

dcpth; w u i $ - ~ ,  400 kg: mist he accurate t o  - (-6 mn; and mist have 

reasnnab?e cost  and fabr ica t ion  time, since 24 are required for t h e  

f i l l1 XIF c o i l  s e t .  Piccision s ta in less  s teel  cast ings a re  inexpensive 

( - 3  $/kg vs -15 $/ky fa r  machined p i e c e s ) ,  but  a large numher (typi- 

ca l ly  10-20) of tfidi-and-error attempts had previously been tequired 

to g c t  the dcsired accuracy. 

developed a t  U R N .  khat obtains, i n  tw or three t r i e s ,  a precision 

mnld t h a t  gives repeatable eastings [801. Using this method, the 

casting nf each structclral ?'-piece was reduccd Itom 900 ky and - +13.m 

accuracy t o  400 ky and +1.5--mri accuracy. 

ccwrdinztp rnc.?si.ar i n g  m ine and an eneryy iainirnization technique t o  

I i i ic l  I he p ~ t  orientation with  the smallest integrated L I ~ S  deviatjon 

iaclrn t h e  ~ p t i m m  piece. 

q i~ ick ly ,  and th? cast ings are quite repeakable. 

As par t  of the ATF p ~ o j e e t ,  a method was 

'Yhe method uses the  

'The cast ing molds can tlicn be optimized 

The ~ ~ p p ? r  bar conchictors for  the  HF coi l  segment are formed to an 

accudcy  of t0 .25  - iiwi7 using a n  accurate forming f i x t u r e  sinzilai t o  the  

staialess steel T-pieces but wi th  high--precision (+O.O25-~m - accuracy) 

en6 fixtures to position the joint tabs on the  ends 01 the HF secjinent. 

N~meri r s l l y  control led machining techniques [ 0 0 j  were develop~d t o  

cllminaic seLclp eccors i n  fahr iea t ing  t h i s  f i x tu re .  The no rm1  

riyprnach would have been t o  USE a three-axis i n i l l  wi th  standard 

nuiierical contrul t d x i i q u e s ,  reqmj r i n g  >2200 hours and p,recise 

a1 icjmnenk of the parL w h e f l  i L  must Le moved t o  allow access t o  dif  

f ~e~ le i i t  

duces set;ip er rors  of - t -2.5 m~. In  our t e c h i q u e ,  the par t  i s  moved t o  

i ts  approxirate location, t h e  machine tool measures the par t  1 c,c_ation, 

ar;d the C O K ~ U ~ P T  transforms the mchine Loo1 cootdinates i n t o  t h a  

pa1 i C O O L d l r l d t e S ,  el iminating any setup e t  Tors. This approach, using 

regions of th r  p a r t  du r i iy  machining. 'l'hi s typ ica l ly  i n t r o -  
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a five-axis mill with computer control, takes -500 hours, and the 

final forming fixture is accurate everywhere to - +0.25 m. 

The major ATF components are shown in the assembly sequence 

illustrated in Fig. 44. 
are installed, the lower VF coils are installed and the lower half of 
the structural shell is assembled and optically aligned. Adjustable 

tooling balls are accurately located in the lower shell to form a 
reference datum for positioning each lower HF coil seynent. 

12 lower HF coil segments are installed and accurately aligned using 

the optical alignment system. 

position as a unit. Next, the 12 upper HF coil segments are installed 
and attached to the lower Hi? coil segments by making up the coil 

joints. 
by slightly deforming the copper end tabs where interferences exist. 

The upper half of the structural shell is then installed and attached 
to the lower half by the intermediate connecting panels. As the last 

step, the upper VF coil sets are attached to the shell and aligned. 
Brackets attached to the shell flanges locate the inner and outer VF 

coil pairs, and adjustable columns between VF coil pairs carry the 
principal VF coil loads. Adjustable (+l-cm) - interfaces between the 

shell and the coils relax the positional tolerance requirements on the 
shell. 

After the concrete base and support columns 

Next, the 

The vacuum vessel is lowered into 

Alignment fixtures are used to pull the coil joints together 

A final check on the accuracy of the installed HF coils and the 

(adjustable) VF coils will be obtained by measuring the locations of 

the nulls in the radial magnetic field component when oppositely 

directed currents are fed to the two HF coils or to the two circular 

coils in each VF set. This method [ 7 8 ]  is fast, can be done with the 
vacuum vessel open, and can detect both distortion and relative 
misalignments (shifts, tilts) in the VF coil sets with an accuracy of 

- +2 mm. It has been tested on the URAW-3 torsatron at Kharkov [79 ] ,  
where it detected a 1-cm relative shift between the R = 3 helical cail 
system and the circular VF coil set. 



86 

6RNL-OWG 85-3726 FED 

F i g .  44. The major ATF coiqxJnents in the assembly secpence, 

showing (a) the upper half of the  s t r u c t u r a l  she l l ,  ( b )  the in te r -  

mediate connecting panels, ( c )  the  upper HF coil segments, (d) the 

ane--piece vacuum vessel, and (e) the lower HF coil segments positioned 

in the lower half of the s t ruc tura l  ~ 1 ~ 1 . 1 .  
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V. ATF SUPPORT SYSTEPE 

In addition to the device itself (coil syst.ems, vacuum vessel, 

and support structure), systems required for operation of the ATF include 
power supplies, plasma heating and fueling systems, energy and particle 

removal system, and plasma diagnostics [81]. This section discusses the 

two largest systems: the power supplies and plasma heating systems. 
Energy and particle removal issues are discussed in Sec. 1’ST.F. The 

ISX-B plasma diagnastics [ 8 2 ]  are king modified for ATF to better 
analyze the more complex 3-D plasma configuration and to adapt. to the 
15’ toroidal difference in the horizontal and vertical port locations. 

V A  Power Supplies and Cooling 

Four power supplies are required for the four independent ATF coil 
systems: the HI? coils and the inner VF, mid-VF, and outer VI? coils. 

All coil power supplies consist of transformer/SCR assemblies. 

power supplies must operate for up to 5-s pulses at full field ( 2  T on 
axis) and steady state at 1 T. The coil and power supply character- 
istics are given in Table X. The current and voltage capabilities of 
the power supplies exceed the maxim design values in order to provide 

extra flexibility. Each VF power supply covers the range needed to 
create the configurations shown in Fig. 16 at I3 = 1 T, h e r e  the 

high-beta studies will be conducted and the most conficpration 

flexibility is required. 

restricted to about half this range at Et = 2 T due to force 
constraints. 

These 

The inner VF and rnid-W power supplies are 

The HF power supply is based on eight transZorm~r-rectifier 

modules (each 625 V no-load and 7.8 kA steady-state or 3 1 . 3  k2.i 

pulsed) configured in parallel for steady-state operation (62.5 kA, 

625 V) and in four parallel strings of series pairs  for pulsed 

operation (125 kA, 1250 V). This power supply also feeds the main 

(upper and lower) sections of the outer VF coil that are in series 
with the HF coils. FOK helical-axis operation, the current in one 
helical coil and its associated outer VF coil sections will be reduced 

using an auxiliary resistive shunt. 
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TABLE X 

Coil and Power Supply Characteristics 

HF f Outer Inner Mid-VF Outer Tr im 

Main VE' Coils VF Coils Coils VF Coils 

M a x i m  design 
current I, kA 125 16.4 12.8 10.6 

P.S. current, kA 125 18 30 18 

Maximtxn IR, V 719 120 127 112  

P.S. no-load 

voltage,  V 

Power a t  m a x i m  

design current, W 

1250 650 1 4 4  650 

89.9 

1 

1.97 

- -1-0.30 

1.63 1.19 

- i o .  35 -0.61 

eo 4 - 2 5  

Fraction of I at. 1 aO. 1 5  - i o .  1 0  -0.53, - h 
B - 2 T  to -0.34 

Desired fraction of 1 -0.03 i-0 * 27 -0 . 4 1  

(Table VII) to +0.33 t30 -8.59 'h 
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Power supplies for the outer trim VF' coils and the inner VF coils 
consist of two transformer/SCR assemblies connected in parallel by an 

interphase transformer. 

1.6 kA and 650 V of no-load voltage in pulsed operation and will work, 

with some reconfiguration, in steady-state operation. The mid-VF 

coils will use an existing power supply consisting of a battery bank 

and a transistor-diode switching bridge with a 2- to 3-Mw rating for 
pulsed operation and a new 14.2-kA, 250-V supply, similar to the other 

VF power supplies, for steady-state operation. 

These supplies provide a maximum current of 

The HF power supply is fed from a substation with three 13.8-kV, 
40-WA transformers, and the VF power supplies are fed from another 

5O-MvA substation. Control is accomplished using the SCRs in &phase 
or 12-phase configurations. 
&-phase arrangement is acceptable because of the long L/R times of the 
coils. A computer system with W-based software and a CAMAC hardware 

interface is used to monitor performance and provide protection. 
both pulsed and steady-state operation, the supply outputs will be 

controlled by an analog drive signal, rather than by direct digital 

control of SCR firing pulses. This offers more flexibility, including 

the possibility of implementing feedback regulation of either the 
power supply currents or appropriate plasma parameters. 

The 360-Hz ripple associated with the 

For 

Demineralized cooling water for the ATF coils aild associated 

electrical bus work is provided by a ~ O - M W ,  104,000-L/min cooling 
water facility. 
state operation at 1 T is a more severe constraint on the cooling 

system than the cooling needed for 5-5 ,  2-T pulses every 10 min. 

steady-state power dissipation is 22.5 Mw in the HF coil system, 

2.4 MFJ in the W coils, 3.9 MW in the electrical buswork, and 3.7 Mw 
in the power supply rectifiers. 
limit the copper temperature to 100°C in the uncooled HF coil joint 

regions and 65OC in the VF coils. 

The 32.5-MF7 continuous cooling required for steady- 

The 

The cooling system is designed to 

V.B. Plasma Heating Systems 
ElectronAclotron - Heating. The ECH transmission system [ 8 3 ]  

(waveguide, mode absorbers, bends, a dummy load, launchers, and other 
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components) feat,ures a mode-controlled, quasi-optical, 6.35-cm-ID 

vacuum wavewide with 90' miter bends. The waveguide components will 
have high average (steady-state) power-handling capability, since the 

gyrotrons and power supply are also rated for as operation, and suf- 
ficient bandwidth to allow operation at 28 GHz or 60 GHz with 

appropriate gyrotrons. 
An evacuated ( 10-5-Torr) waveguide system is favored because i ts  

power handling surpasses that of pressurized wavewide systems. 
Elimination of the barrier window at ATF improves the system effi- 

ciency and reliability. An all-metal, rf-compatible gate valve is 

used to isolate the ECH waveguide vacuum from the ATF vacuum. The 

natural output mode of the gyrotarons is the TE circular electric 

mode, which is ideal for long-distance transmission because of its 

very low attenuation in oversi.zed waveguides. 
long (2041)  waveguide runs from the ECH system site to  the ATF device. 

I n  any overmoded waveguide system, bends are a critical element 

because of their mode conversion, power handling, and cost. Miter 

bends were chosen over corrugated waveguide bends because they are 

simple and relatively inexpensi-ve to fabricate, their cooling and 

power handling are straightforward, and they can be made very ef- 

ficient for the TE mode if the wavecpide dimetenr is mch greater 

than a free-space wavelength. Attemntion o f  unwanted (noncircular 
electric) modes is accomplished with Ti02 coatings in absorber 
sections [ 84 1 .  Finally, a "Vlasov-t-ype" launcher [ 851 can convert the 

TE mode into a linearly polarized &mode beam launch €or fundamental 

ECH and into an X-mode beam launch for second harmonic ECH. 

02 

This allows moderate1.y 

02 

02 

...._._. Neutral __. B e r n  Injection. The neutral beam injector Is a modified 
version [55 ]  of the system used on ISX-8 [ 8 6 ] .  The 3O--cm---dim ORNL ion 

sources [ 8 7 ]  deliver 100 A of hydrogenic ions at 40 kV with a beam 

divergence angle (I~WHE) of 1.1" - I- 0 . 1 ~ ~  With a neutralization ef-- 
ficiency of b o % ,  the neutral power is 1.5 I"Iw on a target- subtending an 

angle of - +2O (28-cm-dim aperture at the beam focal length of 4 m). 
0 

The beam species yield (power fraction) at. the plasma is 75% 40-kaV H 

(from H 1, 15% 2O--keV H + 0 -k 0 + 
(from H2), and 10% 13.3-keV H (from H 3 ) .  
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The modifications of the IS%-iEn neutral beam injector regaired for 

ATF are a new front end to adapt to the  ATP outer part ;  

beam-defining aperture to minimize beam interception an the vacuum 

vessel wall, as discussed in Sec. 1II.F; and magnetic shielding of 
the neutralizer and the ion source, necessary due tn  the large stray 
field from the ATF. The B dR along the 1 S--m-lclny neutral izing gas 

cell is 15 Gem for 5 = 2 T. If not corrected with r n x p ? t i c :  shielding, 

the resulting deflection of 0.2°/G*m for  4Q-keU 8-1 vmu!di be un- 
acceptable. 

neutralizer to attenuate the field by a factor of -50. 
source plasma location (4.1 m from the ATP port), the ’ 7 4  f ie ld  must 
be reduced to cl G to maintain source plasm miformity. 
shield will also hE” used here. Calculations show that these 
shields, and other gnetic components ( f o r  example, beam bncling 
magnets) in the beam line, have negliyible ef fec t  on the ATF flux 

surfaces. 

an adjustable 

3. 

A 0.5-cm-thick iron sleeve will be plawd around the 

At the ion 

A ma 

Ion Cyclotron Heatinp. Three HF-band transmitters (U.S. Navy 
type AN,’”RT 86) will be used for st.eady-state ICH in the 5- to 30 

frequency range. amplifiers 
at 100 kW each, and the third has been converted Ear class C operation 
at 200 kW. 

combined to feed one antennap and the class C amplifier will feed a 
second antenna, All three units will be driven by a single exciter 
with phase adjustment between the two antennas, 

2-M7), higher-frequency (40- ta 8Q--PEIz), pulsed (t30-s) ICH will be 
provided by a modified FMIT transmitter. 
is 15.6-cm-dim coaxial cable. 

Two of the u n i t s  will. operate as class 

The outputs of the two class AB transmitters will be 

Higher---pmes (1.5- to 

‘The transmission line used 

To meet design requirements, the ATF fast-wave antema must (1) be 

close to the plasma surface ( c 5  cm away) and eontoured t u  the last 
closed €lux surface; (2) be movable radially over several centimeters 
to optimize coupling to the plasma while minimizing impurity 

generation; 
energetic or thermal ion drift orbits outside the  plasm; 

on (BI contours that do not penetrate deep into the plasm to avoid 
edge impurity heating. 

control of the parallel wave p1umbec ( k , , )  spectrum launched by the 

( 3 )  have SRF parallel to 8; (4) avoid regions of 
and (5) be 

For fast-wave heating in large clmse plasmas, 
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antennas is useful for tailoring the ion heating profile. 

require two antennas spaced several tens of centimeters apart 
toroidally (in adjacent: ports). 

This will 

The ICH launchers themselves have some novel features [881. The 

launchers have a resonant double loop configuration to improve the 

tuning, inpedance matching, and power handling capabilities of the 

antennas, 
layers of graphite-coated tubes. 

will be used for each antenna. 

typical for standard vacuum variable capacitors, and for 0.G pH at 
14.2 MHz (0.95-’I? W ’  resonance). The loading resistance required for 

200-kW operation is 0.5 R. 

The Farad3.y shield is actively cooled and consists of two 
A single 50-9 rf vacuum feedthrough 

The antennas are designed for 30 kV, 

I 

The ATF fast-wave antenna is shaped to conform to the last closed 

flux surface at = 15 and follows the plasma shape toroidally. The 
antemas will be installed i n  two adjacent outside ports and are 
radially movab1.e to adjust the plasma-antenna separation and the 

resulting coupling. 
of the outside ports to minimize the angle between the directions of 
the antenna BRF and the device i3 for fast-wave launching, 

0 

Pintenras are oriented along the short diagonal 

-3 3 

The ATF has been developed to carry out a specific mission: to 

demonstrate the principles of high-beta, steady-state operation in a 

toroidal  confinement device and to study the basic building blocks of 
toroidal confinement in a flexible experiment. The coil. systems have 
been optimized to allow direct access to the second stability regime 
aad to enable study of a wide range of magnetic configurations. The 

mechanical design provides for the necessary construction accuracy, 

heating access, and steady-state capability at 1 T. 
‘The first phase of the ATF program will start in early 1987 

with sufficient heating power to attain high parameters in pulsed 

(5-s) operation. If this phase is successful, the next phase will 
entail installation of steady-state heating, cooling, and pumping to 
demonstrate the maintenance of a clean, high-beta, high-temperature 
plasma in true steady-state operation. 
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Appendix 

OPTIMIZATION PROCEDURE AND RESULTS 

Selection of a specific magnetic configuration for ATF proceeded 

in two stages: 
geometries covering a wide range of configuration parameters, and second, 

optimization of the most promising type of configuration, once the 
parameter range had been restricted. The large number of attractive 
stellarator configurations did not permit an exhaustive Optimization 

procedure, and other (facility-dependent) factors were allowed to 
enter into the final selection. 

first, evaluation of a number of possible stellarator 

A broad set of computational tools was used in the assessment and 
optimization process: (1) 3-D vacuum mgnetic field calculations; 

(2) 2-D and 3-D MHD equilibrium and stability codes; ( 3 )  3-D guiding 

center particle orbit codes and 1-D transport codes; 

neering design codes. 
were derived from realistic coil models rather than from simplified 

analytic model field expressions. Since developing an optimal con- 
figuration required balancing different magnetic field properties 

that have nonorthogonal effects on physics performance and engineering 
practicality, an iterative approach was used to assess configurations, 

as illustrated in Fig. A . l .  The linked assessment loops indicate the 
connections between the information generated in the different evalu- 

ation procedures. 

discussed in Sec. I1.B. 

and ( 4 )  engi- 
All magnetic fields used in these calculations 

The criteria used for the overall assessment are 

Loop (a) in Fig. A.l, the calculation of the vacuum magnetic field 
properties, was the most frequent iteration step because of its speed 

and because it made it possible to recognize the potential of a 

candidate configuration from the size and shape of the magnetic 

surfaces, from the t(r) profile (particularly the rational t locations 

and the value of the shear), from V ( r )  and hence the magnetic well or 

hill value, and from the variation AQ of 6 dR/B on a flux surface. 
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Magnetic field Pines were calculated from the Biot-Savart law and 

were followed toroidally €or -20 transits orn each of typically 10 flux 

surfaces to characterize the magnetic configuration in both space 

and flux coordinates [l]. Coils were usually represented by single 
filaments (288 elements for the R = 2, M = 12 torsatron). f4uEtipPe 

filaments (up to 56, but usually -6) were used only where it was 

necessary to have a KIQS~ accurate magnetic f i e ld  calculation, for 

instance near the HF coils. 

The assessment processl laop ( b )  in Fig. A.1, played a 
dominant role in finding an optimum configuration within a given 

class, since the studies were the most sensitive to variations in 
the vacuum field structure. 

determine the equilibrium and stability limits to the plas ta 
for a given plasma pressure profile. The equilibrium and stability 

codes [2-131 listed in Table A.1 are fully 3-P or equivalent 2-D 

(averaged method [14] or stellarator expansion [IS]), are free 

boundary or fixed boundary, and are flux-conserving or have zero n e t  

current on a flux surface. The calculated quantities used in the 
assessments include the major axis shift, the magnetic well dept 

degree of magnetic surface breakup, the linear growth rate (if ~ m -  

stable), the free energy, and the Mercicr criterion. Figure 24.2 

indicates the relationships of the various 

stability calculations and their use for study of low-n modes, high-n 

modes, ballooning modes, etc. 

The abjective of these studies was to 

equilibrium and 

The guiding center orbit calculations (callisionless and Monte 

Carlo), loop (d) in Fig. A.1, were used primarily to filter aut 

magnetic configurations with unacceptably large vacuwn orbit losses. 

The calculated quantities used in these assessments included the 
deviations from an average flux surface Tar contained particles, the 

mean 106s time far lost particles, the weighted loss fraction, and the 
particle diffusion coefficient Ip. These calculations show that 

the ambipolar electric field has a much larger effect on confinement 
improvement than small differences in the magnetic configuration 1161, 

as illustrated in Fig. 26. The HST 1-D transport code was used to 
evaluate the ATF prformtnce for various trmsprt. m d e b s ,  heating 
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TABLE A. I 

i % %  Equilibrium and Stability Codes Used f o r  Ark- Analysis 

DTITENSIONS WE BOUNDARY 
COND I TI ON 

Energy 
Minimization 
kler ian 

:on jugate 
Zradi en t 

Fixed Boundary 
Away From 
Plasm 

3ETA [ 3 ]  Energy 
Minimization 
Lagrangian 

Xccelerated 
It e ration 

Fixed and 
Free Boundary 3.-D 

\TAR [ 4 1  Energy 
Mi n imi z a t i on 
kler ian 

Conjugate 
Zradient 

Fixed Boundary 

MOMCOP1 [ 51 Energy 
Mi n i mi z a t. i on 
Lagrangian 

Steepest 
Descendent 

Fixed Bo1.xndary 

RSTEQ [ 6 , 7 ]  Grad- 
Shaf ranov 
Erpat  ion 

S.O.R. Fixed 3oundsry 

I__._.^ 

Free Boundary PPIXQ [ 8 ,9 ]  Fast 
Fourier 

2-D 
Stellaratnc 
Expansion) 

Grad- 
Shaf ranov 
Equation 

Generalized 
Grad-- 
Shaf ranov 
Equa t ion 

____. .......... _. .... 
Conjugate 
Gradient 

Fixed Boundary NRV [6,10] 

___ .................... ~ 

Initial Value 
Serni-Inpli cit 
Spectral 

R i l l ~  Implicit 
Spectral 

-. ................ 

RS'I [ 11 ] Reduced F w )  
Equa t. i ons 

Fixed Boundary 

- ..... ~ 

Full Y i  
Equations 

FAR [ 6 , 1 2 1  Fixed Boundary 

?EST [ 1 3 ]  Erie r cjy 
Principle 

Free Boundary 

__. ................. .- 

3-D Acceleration 
Iteration 

Fixed Boimdary BETA [ 3 ]  dW 
Minimization 
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3-5 EQUILIBRIUM EQUI LI BR I UM 
CODES CODE (2-D)  SHIFT, WELL, ... 

I REDUCED MHD 
FOR STABILITY v 

PAR-1-ICLE 
ORBIT ;FABltlTY - MODES MODES MODES 

STUDIES 

LOW n BALLOONING +- - - - LOCAL I ZE D 

CODE CRITERIA 
LOW n (HIGH n) 

-I 

Fig. A.2. Relationship of MHD codes used in the equilibrium and 

stability assessments. 
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profiles, and assumptions about the electric field.  he relationships of 

the different calculations are shorn in Fig. A.3.  Other codes were used 

to study neutral beam deposition and wall losses 117, 181. 

These MWD and transport cabculations were performed using both 

spatial and flux coordinates, Flux, or field l i n e ,  coordinates [ l ]  

were very useful because they allowed study of the  various compoiicnts 

(spatial harmonics) of the magnetic field: an increase of an order of 

magnitude in computational speed, a more physical separation of motion 

about a flux surface from the complex 3-D spatial f i e ld  line yeoinetry, 

and inclusion of radial electric fields (assuming constant poteiltial 

on a flux surilaer). 

The engineering assessment, loop (e) i n  Fig, A . 1 ,  was used 
primarily to  indicate when candidate coil configurations had overlap- 

ping conductors, extreme f o r c e s ,  coil bend radii that were too S i c i l l ,  

or inadequate access for tangentid NMP, This  was particularly 

important f o r  the more complicated modular stellarator and Spmotron 

coil configurations. A F u l l  complement of engineering design codes 

[ JS-29] ,  listed in Table A.11, was used in the final desi9 of the 

ATF . 
The types of stellaLaLor geometries examined fa r  ATF are skimn in 

F i g .  A.4,  and the ranges of parameters explored a~t3 listed in Table 

A. ClI. Cantinuous-coil torsatrons, shown i n  F i g ,  A . 4 ( a ) ,  use 

helical windings to create the m i n  toioidal and poloidal fields ,md 
ri rcular (VF) coils f o r  plasma positi orting and shaping. Torsatrons 

with R -  2 qavc the best combination of plasm size, shear,  and central 

transform. The helical coil winding law for theI I -  2 torsatrons had 

the form $ 2 (R/M)(e (X sin e ) ,  whrre 9 is the toroidal angle,  9 is 
t h ~  poloidal. angle, 0: is the winding modulation ( -1 < cc < l), and M is 
the number of toroidal field Feriods. Althoiicjh windings on tori wi th  

noncircular cross sections and ci f 0 cases WETP examined, these eases 

were no better than those obtained with a circular cross section and 

ci -7 0. 

Modular torsatron configmatioils of the Symmatron t-ype [30,31], 
developed at ORNL during the ATF configuration search, wcze also 

studied. This confiquration, shown in Fig. A. 4 (  b) , uses identical, 
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MODEL FIELDS 

Fig .  A . 3 .  Relationship of codes used i n  the orbi t  and transpart 

assessments. 
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TI-BbE A.11 

Engineering Design Codes 

......... ....... 

Mechanical .... ......... Des& 

McwIE.BW [19] 3-D plots of coil and vacuum vessel geometry. 

w m  E201 Computer-aided drafting of ATF components. 

Fields and Forces .......... 

m c  [ 2 1 ]  Calculate magnetic fields and forces from Eibments 
and/or finite cross section sepents .  

MAGFOR [ 2 2 ]  Calculate magnetic fields and forces for coils of 
arbitrary geometry, including twisted, norrplanar 
coils from 20-node isoparmetric brick elements. 

EFFI [ 2 3 ]  

ANSYS [24] 

Calculate magnetic fields forces, and coil. induct- 
ances from filaments and/or finite cross section 
segments m 

Vacuumm Vessel 
_I_ ....... 

Finite element analysis code, used by PDM t o  generate 
flat developments of vacuum vessel skin from 3-D 
geometry data. 

PPPL code to calculate thermal behavior of VF coils. 

Finite-difference thermal analysis of vacuum vessel. 

Stress Analysis ........ .... 

PPSEC [ 273 Finite element stress analysis of vacuum vessel and 
thermal analysis of HF coil. 

M S C ~ r n  [ Z S ]  Multipurpose finite element analysis, inciuiding 
s t ress ,  thermal and buckling solutions. Used fo r  
vacuum vessel, coils, and structure. 

Solid modeling of coils and vacuum vessel, 
as a pre- and post-processor for I ~ S C / l U L S W ,  

Used 



1
1

3
 

IT 
0

 

oc 
Q

 
J
 

J
 

W
 

G % 



TABLE A.III 

Configurations Evaluated in ATF Studies 

Tor s a t  ron 

To I- sat ron 

Modular 
Stellarator 

Heliac 

I 6-24 I 2*5-L0 

0.5-2 

2 I I 4-9 

0.8-1.5 

0.3-0.6 

1 0.8-4.0 

Shear 

-0.8 

-0.5 

50.3 

- <0.2 
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nonrotated, helically deformed coils, one per field period. The 
helical segments are connected by toroidally directed windbacks (‘the 
stray field of which must be compensated by adjacent toroidal ring 

coils), which also provide part of the vertical field needed for 
positioning the plasma. 

physics properties of the continuous-coil torsatrons but, had slightly 
smaller average plasma radii and less configuration flexibility. 

These configurations retained the good 

Modular stellarator configurations, similar to that illustrated in 

Fig. A.4(c), were also assessed as candidate ATF configurations. 

These configurations [ 3 2 , 3 3 ]  employ a set of toroidally distorted TF 

coils to create an R = 2 stellarator configuration. The TF coil set 

studied consisted of identical, sinusoidally distorted TF coils that 

were rotated poloidally with respect t o  each other in a field perid. 

Modular stellarator configurations examined for ATF all had low shear 

and low beta limits, and none was an improvement over that proposed 

€OK Wendelstein VII-AS. 
The heliac (a helical-axis stellarator) coil configuration [ 3 4 , 3 5 ] ,  

shown in Fig. A.4(d), was also examined as an ATF candidate. This 

magnetic configuration has high t (>1) and the potential for high- 

beta operation [ 3 6 , 3 7 ] ,  a t  least for large aspect ratio, but nay 
have problems with flux surface breakup a t  low beta (<1&) and finite 

aspect ratio due to its low shear and high transform per field period 
( t / M  > #-. 0 . 3  vs tfl < - 0.1 for planar-axis stellarators). This mkes it 

very sensitive to resonant effects at rational transform values [ 3 8 , 3 9 ] .  

This magnetic geometry was thought to have too little configuration 

flexibility and to be too high a risk for the only large U.S. stel- 
larator experiment. This deficiency has since been remedied by the 

development of the flexible heliac concept [40], which will be tested 

in the TJ-I1 experiment to be built in Spain [ 4 1 , 4 2 ] .  
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